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PREFACE 


This  Lecture  Series  is  sponsored  by  the  Guidance  and  Control  Panel  and  the  Consultant  and 
Exchange  Program. 

New  tactical  missile  requirements  are  so  stringent  that  weapon  subsystem  technology  must  be 
utilized  at  the  highest  possible  level  consistent  with  cost,  reliability  and  performance.  This  is 
particularly  true  with  the  guidance  and  control  subsystems  -  the  “nerve  center”  of  the  weapon. 

As  a  result  of  this,  there  is  a  continuing  requirement  for  more  and  better  tools  for  analyzing 
performance,  predicting  requirements,  determining  error  sources  and  selecting  suitable  concepts. 

Due  to  the  extremely  high  cost  of  developing  and  testing  prototype  concepts  for  each  of 
the  very  large  number  of  possible  guidance  and  control  concept  combinations,  the  use  of 
simulation  through  mathematical  techniques  has  become  an  absolute  necessity. 

The  Lecture  Series  provides  an  opportunity  for  an  examination  of  the  utility  of  modern 
analysis  and  evaluation  tools  and  techniques  associated  with  the  several  commonly  used  control 
and  guidance  concepts.  It  examines  the  techniques  which  are  normally  employed  for  error 
source  determination,  performance  specification,  and  the  use  of  digital  and  analogue  compilers 
for  system  performance  prediction. 

A  round  table  discussion  with  the  participation  of  all  the  speakers  concludes  the  Lecture 
Series  presented  in  three  different  NATO  nations  (Norway,  Greece  and  Italy)  from  29  May  to 
6  June  1972. 


C.T.Maney 

Lecture  Scries  Director 
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I.  SOME  ASPECTS  OF  THE  SYSTEM  DEVELOPMENT  PROBLEM 


C.  T.  Maney 

Assistant  DCS/Development  Plans 
Armament  Development  &  Test  Center 
Eglln  Air  Force  Base,  Florida  32542 


1 


Gentlemen 

It  Is  a  real  pleasure  for  us  to  be  here  today  to  discuss  some  of  our  views  on  tactical  weapon 
system  development.  We  plan  to  discuss  In  particular,  the  guidance  and  control  aspects  of  tactical 
missiles.  Me  shall  analyze  how  we  bound  and  define  problems  and  how  we  develop  solutions.  Me  will  talk 
primarily  methodology;  that  Is,  how  we.ldentlfy  problems  and  how  we  develop  solution  methodology. 

Design  engineers  must  have  perYormance  specifications  toward  which  they  work  tc  develop  designs. 
The  lectures  you  will  hear  today  and  tomorrow  will  be  devoted  to  discussions  of  mathematical  and  laboratory 
techniques  which  can  be  used  to  determine  these  performance  specifications  and  to  predict  whether  or  not 
a  given  design  will  meet  a  set  of  specifications. 

Let  us  begin  by  reviewing  the  problem  of  selection  of  technology  appropriate  for  a  new  weapon 
development  and  the  creation  of  the  preliminary  or  conceptual  design  as  this  Is  the  type  of  problem 
normally  approached  by  development  planning  organizations.  Development  planners  and  design  engineers 
labor  under  a  multitude  of  diverging  and  sometime  violent  forces  which  are  related  to  the  general  "collapse 
of  time"  factor  associated  with  the  accelerating  technology  of  20th  century  living— 1  am  referring  tc  the 
ever  Increasing  sophistication  of  potential  enemy  threat  capability;  the  growing  number  of  possible 
applicable  technologies;  the  generally  voiced  concern  over  Inventory  proliferation;  and  associated 
Increased  operator  and  maintenance  personnel  training  requirements;  and  above  all,  the  skyrocketing  cost 

of  hardware  development.  Whether  we  have  faced  up  to  It  In  the  past  or  not,  it  Is  now  imperative  that  we 

In  the  entire  weapon  development  conmunlty  devote  our  primary  energies  toward  the  development  of  quality 
weapons  at  lower  costs.  The  demands  upon  national  resources  are  so  great  and  so  diverse  that  we  would 
be  foolish  to  take  any  other  course.  This  does  not  necessarily  mean,  however,  that  we  have  to  build 
cheap  systems.  What  It  does  mean  Is  that  we  have  to  be  absolutely  sure  that  the  systems  we  design  and 
develop  represent  not  only  the  maximum  performance  for  the  money  Invested  but  also  that  the  type  of 
performance  obtained  Is  really  needed  by  the  armed  forces. 

With  these  constraints  upon  us  then,  let  us  examine  the  preliminary  analysis  and  review  procedures 

that  are  often  followed  In  the  U.  S.  leading  towards  the  creation  of  a  new  weapon  capability. 

The  operational  weapon  requirements  process  begins  with  Identification  and  assessment  of  an 
operational  deficiency  or  need.  The  primary  goals  of  the  Initial  assessment  of  an  operational  need  are 
to  establish  a  clear  understanding  of  the  need  and  to  determine  Its  urgency  and  Importance.  An  operational 
requirement  Is  normally  generated  by  one  of  the  using  Commands  and  Is  forwarded  to  HQ  USAF  In  a  document 
called  a  Required  Operational  Capability  ROC).  Additionally,  a  ROC  can  be  generated  within  the  Air  Staff 
Itself. 


HQ  USAF/Research  Development  (RD)  receives  the  ROC  and  circulates  It  within  the  Air  Staff  and 
other  agencies  for  review.  Study  and  analysis  efforts  consider  the  mission,  threat,  operational  concepts, 
constraints,  resources,  and  potential  alternative  proposals.  Air  Force  Systems  Command  (AFSC)  and  Air 
Force  Logistics  Command  (AFLC)  are  asked  to  provide  Inputs  regarding  technical  feasibility,  costs,  and 
potential  alternative  solutions. 

The  proposal  (ROC)  Is  then  reviewed  by  the  Requirements  Review  Group  (RRG)  comprised  of  General 
Officers.  The  RRG  reviews  the  need  for  the  proposed  system  or  equipment  taking  Into  consideration  the 
threat,  alternative  means  of  satisfying  the  ROC,  cost  estimates,  Impact  on  force  structure  and  technical 
feasibility. 


If  the  ROC  is  approved  at  this  point,  It  Is  considered  to  be  formally  validated.  A  Program 
Management  Directive  (PHD)  Is  written  by  Hq  USAF/RD,  which  represents  USAF  decision  to  proceed  with  system 
development.  The  proposal  then  enters  another  period  of  formal  study  and  refinement.  AFSC  and  AFLC  are 
tasked  to  provide  possible  alternative  proposals,  evaluate  cost  and  feasibility  and  make  recommendations. 

Though  the  weapon  development  process  Involves  extensive  additional  study,  review,  hardware 
prototype  building  and  testing,  we,  In  this  short  course,  are  going  to  concentrate  our  efforts  entirely 
on  an  in-depth  discussion  of  the  methodology  which  Is  used  to  examine  and  prepare  alternative  design 
solution  options  during  £he  conceptual  phase  of  development. 

Basically  what  we  do  In  the  Initial  phase  of  a  weapon  concept  study  Is  to  first  review  the 
technical  and  tactical  aspects  of  the  Immediate  threat  and  then  attempt  to  develop  a  reasonable  prognos¬ 
tication  of  the  particular  threat  associated  with  the  time  frame  and  mission  under  Investigation.  Next 
we  review  the  present  operational  capability  and  prepare  an  Inventory  of  the  available  off-the-shelf 
technology  which  has  potential  application  to  the  problem  at  hand.  Me  also  attempt  to  make  an  estimation 
of  the  required  or  desired  performance  parameters  which  the  weapon  concept  should  have.  A  conceptual 
design  team  then  Is  charged  with  the  responsibility  for  developing  a  preliminary  design  with  performance 
capabilities  reasonably  close  to  those  requested.  An  operational  analysis  team  is  simultaneously  charged 
with  ascertaining  the  effectiveness  or  utility,  l.e.  worth,  of  the  performance  levels  estimated  for  the 
preliminary  design.  An  Iteration  process  Is  thus  Initiated  In  which  performance  goals  are  modified  as 
preliminary  designs  are  Iterated  and  design  effectiveness  Is  estimated.  And,  of  course,  by  effectiveness 
I  am  also  ’including  cost;  so  that  really  we  mean  cost  effectiveness.  The  iteration  continues  until  the 
development  planning  management  concludes  that  the  study  has  developed  the  best  series  of  alternative 
designs  that  can  be  accomplished  In  the  time  provided.  The  results  of  studies  of  this  type  become  the 
nucleus  of  new  and  quantified  specifications  for  either  new  weapons  or  for  modifications  to  existing 


a* 


i 


I 


1-2 


weapons.  The  resulting  data  and  rationale  are  continuously  reviewed  and  examined  by  appropriate  higher 
level  authority  until  decisions  are  made  for  program  go  ahead  or  cancellation. 

/ 

When  a  tactical  missile  or  other  weapon  program  Is  approved  for  development  of  hardware  test 
Items,  the  system  specifications  are  rather  well  defined.  The  several  subsystem  specifications,  however, 
are  less  precisely  defined.  Successively  Increased  deflnltlzation  of  these  specifications  evolve  as 
tradeoffs  are  made  between  performance,  cost,  risk  availability,  manufacturing  difficulty,  environmental 
limits,  and  reliability. 

Now  let  us  consider  our  primary  Interest  for  this  seminar;  namely,  the  conceptual  development 
of  tactical  missile  designs.  The  several  subsystems  as  usually  defined  in  this  weapon  include  propulsion, 
warhead,  flight  control,  guidance,  and  airframe.  The  guidance  system  Is  often  further  subdivided  Into 
mid-course  and  terminal.  This  additions1  subdivision  occur?  if  the  device  Is  to  be  used  as  a  precision 
type  of  weapon.  An  Interesting  point  wl  ,h  will  be  developed  In  different  ways  by  later  speakers  is  the 
tradeoff  that  Is  made  between  mid-course  navigation  systems  and  terminal  guidance  systems. 

Another  point  which  will  be  explored  in  depth  by  n\y  colleagues  include  an  evaluation  of  the  types 
of  guidance  error  and  the  mathematical  tools  which  exist  to  evaluate  and  minimize  these  errors.  We  will 
discuss  control  system  synthesis  and  design,  and  mathematical  methods  for  predicting  stability  and  proper 
system  response.  We  will  address  methods  for  determining  the  sensitivity  to  overall  system  performance 
of  various  parameters.  We  plan  to  discuss  guidance  analysis  methodology  and  the  development  of  guidance 
or  navigation  laws. 

Though  the  real  proving  ground  for  theory  Is  the  field  test,  it  Is  well  known  that  the  laboratory 
and  the  analog/digital  computer  offer  splendid  opportunities  for  testing  guidance  and  control  system  Ideas 
and  designs.  We  shall  examine  these  tools  In  depth. 

Let  me  now  most  briefly  summarize  what  you  are  about  to  hear.  Our  first  speaker  Is  Mr  Philip 
Gregory,  Manager  of  Guidance  Systems  at  Martin  Marietta  Company.  He  will  discuss  the  evolution  of  general 
guidance  and  control  subsystem  requirements.  He  will  also  be  the  last  speaker  this  afternoon  when  he 
reviews  the  laboratory  evaluation  tools  used  by  his  engineers. 

Our  next  speaker  will  be  Dr  Robert  Goodsteln  of  the  Boeing  Corporation,  He  is  Manager  of 
Guidance  &  Control  Development  there.  Dr  Goodsteln  will  analyze  the  methodology  of  development  of  control 
system  requirements.  Dr  Goodsteln  will  then  return  for  the  opening  session  tomorrow  and  present  a  paper 
on  guidance  law  applications. 

The  next  member  of  our  team  Is  Mr  Duncan  Pitman,  Senior  Staff  Engineer  for  McDonald  Douglas 
Corporation.  Mr  Pitman  will  present  two  papers.  The  first  one  on  classical  control  theory  and  the  second 
on  modern  theory. 

Following  Mr  Pitman  will  be  Mr  E.  Heap  of  the  Royal  Aircraft  Establishment  at  Farnborough. 

Mr  Heap  will  present  a  paper  today  on  numerical  analysis  and  simulation.  Tomorrow,  he  will  present  another 
topic;  namely,  research  methodology  Into  certain  non-lnertlal  guidance  systems. 

Tomorrow,  In  addition  to  the  speakers  I  have  referenced,  you  will  hear  Mr  Acus,  a  control  system 
engineer  for  the  U.  S.  Air  Force  and  Mr  Zuerndorfer,  Manager  of  Tactical  Systems  for  the  Raytheon  Company. 

Mr  Acus  will  discuss  two  papers  on  self-contained  guidance  systems  and  Mr  Zuerndorfer  will  review  certain 
aspects  of  radar  guidance. 

We  would  Hke  to  encourage  all  members  of  the  audience  to  participate  with  us  In  this  review  of 
design  and  analysis  techniques  for  the  guidance  and  control  of  tactical  missiles.  In  order  to  maximize 
the  efficiency  of  this  participation,  I  would  like  to  suggest  that  you  write  your  questions  as  they  occur 
to  you.  We  shall  collect  the  questions  and  present  answers  to  them  during  the  round  table  discussion 
tomorrow. 

I  would  like  now  to  introduce  to  you  our  first  lecturer  today--Mr  Philip  Gregory,  Manager  of 
Guidance  Systems  for  the  Martin  Marietta  Company. 
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II.  GENERAL  CONSIDERATIONS  IN  GUIDANCE  AND  CONTROL  TECHNOLOGY 


by 


Philip  C.  Gregory 

Deputy  Director,  Research  and  Technology 
Martin  Marietta  Corporation,  Box  3837 
Orlando,  Florida 
United  States  of  America 


SUMMARY 


This  paper  describes  a  particular  set  of  mission  requirements  for  an  air-to-air  missile  end  an 
automated  design  process  to  synthesize  these  requirements  Into  the  preliminary  design  of  a  missile  end  guid¬ 
ance  system.  This  process  makes  use  of  the  CAMS  (Computer  Aided  Missile  Synthesis)  digits!  computer  program 
which  was  developed  to:  synthesize  missile  configurations  including  the  guidance,  controls,  secondary  power, 
warhead,  and  propulsion  subsystems (  furnish  resulting  flight  performance  including  trajectories  and  hiIbb  dis¬ 
tance  i  and  estimate  unit  costs. 


GUIDANCE  AND  CONTROL  ANALYSIS 

The  guidance  and  control  analyst  is  a  key  figure  In  the  process  of  developing  new  tactical  mla- 
6  siles.  First,  the  operations  analyst  studies  the  battle  tactics  of  opposing  forces  and  poses  scenarios  which 

!  relate  the  timing  and  geometry  of  expected  encounters.  The  guidance  and  control  analyst  then  interrelates 

all  state-of-the-art  missile  technologies  to  synthesize  candidate  weapons  and  evaluate  their  performance. 

|  This  process  is  repeated  at  successive  levels  of  detail  each  time  a  successful  set  of  tradeoffs  are  made,  or 

S  redone  with  modified  parameters  when  a  failure  occurs.  A  failure  is  established  when  state-of-the-art  tech- 

jj  oologies  do  not  satisfy  the  mission  requirements.  The  process  is  valuable  for  identifying  areas  of  research 

j;  and  development  requirements,  but  this  is  of  little  solace  or  comfort  to  the  engineer  who  Is  required  to 

solve  an  immediate  problem. 

The  process  of  Interrelating  state-of-the-art  missile  technologies  Into  csndldate  Bystems  is  both 
time  consuming  and  costly.  It  requires  the  support  of  specialists  in  aerodynamics,  propulsion,  structures, 
secondary  power,  flight  control,  and  guidance  hardware.  In  addition,  many  different  comblnationa  are  pos¬ 
sible  requiring  the  evaluation  of  a  large  number  of  candidate  systems. 

Computer  programs  have  the  potential  of  reducing  the  time  and  cost  of  this  preliminary  design 
process.  The  Computer  Aided  Missile  Synthesis  (CAMS)  program  has  been  developed  by  Martin  Marietta  under 
contract  F3361 WO-C-1 753  to  the  United  States  Air  Force  Deputy  for  Development  Planning  (ASB) ,  Wright 
Patterson  Air  Force  Base,  Ohio  as  a  missile  synthesis  and  performance  prediction  tool  to  aid  in  rapidly  de¬ 
veloping  large  numbers  of  missile  design  concepts  and  in  assessing  their  performance  potential  and  cost. 

This  program  permits  two  functions  to  be  performed  during  the  concept  and  formulation  study  phase  of  any  new 
missile  design  program:  system  and  subsystem  concept  evaluation,  and  subsystem  design  point  tradeoffs. 

Without  a  program  such  as  CAMS,  there  is  normally  a  problem  in  effecting  Integrated  missile  de¬ 
sign  (i.e.,  one  where  all  subsystem  Interactions  are  reflected).  The  CAMS  program  Is  constructed  so  that  the 
system  design  constraints  must  be  satisfied  by  all  subsystems.  This  Implies  a  compatible  missile  design 
where  the  various  engineering  disciplines  are  matched.  In  performing  design  point  trades  without  a  CAMS  pro¬ 
gram,  normal  practice  is  to  Isolate  a  particular  subsyicem  and  vary  its  desigr  parameters  to  achieve  the  op¬ 
timum  performance,  minimum  weight,  length,  etc.  The  integrated  aspects  of  the  CAMS  program  ensures  a  more 
coat  effective  answer  since  the  Impact  on  the  total  system  performance  may  be  ascertained  by  adjusting  c 
single  parameter,  with  design  compatibility  assured, 

All  computer  programs,  however,  make  use  of  approximations  and  the  final  output  should  be  consid¬ 
ered  only  a  preliminary  design  to  be  completed  in  detail  if  and  when  the  missile  program  continues. 

Before  proceeding  to  a  detailed  discussion  of  the  CAMS  modules,  it  will  be  useful  to  define  a 
typical  mission  as  it  might  be  presented  to  the  guidance  analyst. 

MISSION  SCENARIO 

It  Is  desired  to  develop  a  more  effective  weapon  for  fighter  type  aircraft  to  perform  dogfights 
during  air  superiority,  escort,  and  interdiction  missions  in  the  1975-1985  time  frame. 

Air  superiority  missions  penetrate  hostile  territory  and  seek  to  engage  enemy  fighters,  inflict¬ 
ing  a  sufficiently  high  lose  rate  to  allow  subsequent  penetration  by  friendly  aircraft.  Escort  missions  pro¬ 
vide  cover  for  relatively  vulnerable  sttack  or  reconnaissance  aircraft.  The  friendly  aircraft  is  assumed  to 
be  autonomous,  or  on  his  own,  whereas  the  enemy  can  be  either  autonomous  or  ground  controlled.  Interdiction 
missions  are  directed  primarily  against  ground  targets.  Attack  by  enemy  fighters  is  generally  ul  Lheir  con¬ 
venience. 


Figures  1  through  3  depict  the  engagement  modes  desired  in  the  new  weapon  system.  In  Figure  1 
tne  friendly  aircraft  performs  a  maximum  g  turn  to  avoid  the  enemy’s  tail  attack  while  launching  a  weapon, 
In  Figure  2  both  aircraft  attempt  to  get  in  position  for  a  tall  attack  while  the  weapon  is  launched.  In 
Figure  3  the  weapon  performs  in  the  conventional  aggressor  role. 
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Note  that  in  both  Figures  1  and  2  the  angle  correction  capability  of  the  missile  would  be  its 
most  valued  feature.  If  a  kill  is  not  achieved  on  the  first  pass,  then  a  turn-counterturn  dogfight  ensues. 
The  participants  generally  will  not  be  separated  by  more  than  their  combined  turn  diameters  (about  4  miles  at 
10,000  feet).  A  number  of  passes  usually  occur  before  one  attains  a  superior  position  over  the  other.  This 
superior  position  is  classically  definud  as  being  on  the  tail  of  the  opponent,  and  results  in  shots  of  the 
type  depicted  in  Figure  3. 

The  friendly  and  enemy  aircraft  should  he  assumed  to  have  the  design  characteristics  shown  in 

Figure  4. 

To  establish  missile  requirements,  some  capability  must  be  given  to  the  enemy’s  weapons.  If  each 
aide’s  weapons  are  equally  effective,  no  advantage  can  he  gained.  For  this  example,  assume  that  in  one  lim¬ 
iting  case  the  enemy  must  close  in  a  tall  chase  to  2  nmi  to  use  his  weapons  effectively.  Given  that  the  new 
missile  will  have  a  40g  axial  and  lateral  acceleration  capability,  Figure  5  summarizes  from  geometric  consid¬ 
erations  the  potential  tradeoff  between  missile  angular  capability  and  detection  range  to  permit  launch  and 
kill  before  the  aggressor  closes  to  within  2  nmi.  The  friendly  aircraft  detects  the  target  at  the  specified 
detection  range,  then  makes  a  3g  turn  until  the  missiLe  angular  capability  ran  lie  uUltzed.  If  the  aircraft 
does  not  turn,  then  ISO  degree  capability  is  required. 

In  a  second  limiting  case  the  aircraft  meet  bead  on,  or  on  slightly  displaced  trajectories.  Fig¬ 
ure  6  summarizes  the  angular  requirements  for  this  situation  for  the  idealized  candidate  missile  as  a  func¬ 
tion  of  time  from  an  initial  slant  range  of  2  nmi. 

From  a  review  of  these  geometries  and  general  practicalities  associated  with  carrying  defensive 
missiles  on  aircraft,  a  list  of  desired  system  characteristics  can  bo  assembled  (Table  1).  The  new  missile 
will  require  Innovations  in  guidance,  propulsion,  and  control  moments  aB  a  minimum.  It  would  now  be  useful 
to  define  the  CAMS  program  In  more  detail  and  then  use  it  to  evolve  a  solution  to  this  problem  (if  one 
exists) . 
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Figure  6.  Head-on  Engagement  Kinematics 


TABLE  I 

Missile  Parameters 


Altitude 
Launch  velocity 
Maximum  range 
Minimum  range 

Angle  correction 
Weight  (maximum) 
Probability  of  kill 
Length  (maximum) 
Diameter  (maximum) 
Axial  acceleration 
Normal  acceleration 


Sea  level  to  100,000  ft 
0.5  to  2.7  mach 


1  Kft  (VCT  U  ft/s) 

4  Kft  (Vet  3.000  ft/e) 


CAMS  DEFINITION 

In  any  computei  program  that  evaluates  system  performance,  all  pertinent  subsystems  must  be  con* 
sldered  in  sufficient  detail  to  reflect  practical  nonlinearities.  Figure  7  plctorlally  presents  the  subsys¬ 
tems  and  engineering  disciplines  that  are  considered  in  the  CAMS  design  and  evaluation  process.  In  general, 
the  subsystem  design  programs  perform  the  computations  and  analyses  normally  performed  by  the  preliminary 
design  engineer  either  at  hiB  desk  or  through  computer  programs  unique  to  his  discipline.  The  goal  In  devel¬ 
opment  of  this  progrem  ia  that,  at  least  through  the  major  component  level,  the  design  is  synthesised  based 
on  the  physics  of  the  particular  design  situation,  as  opposed  to  an  estimate  based  upon  correlation  of  his¬ 
torical  observations  of  previous  systems.  This  approach  enables  the  user  to  Inspect  new  technology  such  as 
advanced  materials  properties  which  could  only  be  addressed  subjectively  If  an  observation  technique  were 
employed. 

In  Identifying  the  scope  of  a  program,  it  la  often  essential  to  Identify  Its  limitations.  From 
an  overall  applicability  viewpoint,  the  program  encompasses  vehicles  of  from  approximately  5  to  30  inches  in 
diameter,  and  with  length  to  diameter  ratio  of  3  to  30}  these  vehicles  are  single  stage,  having  a  single  pro¬ 
pulsion  system  (air  breathing  systems  arc  defined  to  include  the  booster)  and  are  basically  cylindrical 
bodies  with  an  ogive  forebody.  The  missiles  are  assumed  to  he  air  launched,  although  the  solution  is  also 
generally  applicable  to  ground  launched  missiles. 

It  should  be  emphasised  that  GAMS  Is  basically  a  design  (synthesis)  program  and  does  not  provide 
an  optimum  denlgn.  An  optimum  design  is  the  result  of  many  perturbations  using  the  integrated  dealgns  re¬ 
sulting  from  the  CAMS  program  and  detailed  individual  analysis. 
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The  program  may  be  used  In  two  modes;  a  missile  design  mode,  or  as  stand-alone  disciplinary  sub¬ 
programs.  In  the  latter,  it  would  be  employed  to  screen  candidates  for  a  given  system  against  coarse  indi¬ 
cators  such  as  weight  or  volume,  or  to  evaluate  the  best  design  conditions  to  be  employed  In  the  missile  de¬ 
sign  mode.  The  impact  of  each  subsystem  on  the  total  vehicle  configuration  and  performance  can  then  be 
assessed.  The  results  of  a  guidance  tradeoff  in  the  stand-alone  mode  Is  shown  In  Figure  B  which  reflects  the 
impact  of  changing  antenna  diameter  in  an  active  radar  system  on  the  performance  of  an  air  breathing  missile. 
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It  is  possible  to  evaluate  a  mix  of  existing  and  new  subsystems  in  the  study  o£  flight  demonstra¬ 
tion  vehicles,  modifications  to  operational  systems,  etc.  This  is  accomplished  through  a  by-pass  arrangement 
which  permits  insertion  of  the  data  for  an  existing  subsystem. 


In  addition,  an  easily  oporatod  stacked“runs  capability  exists  which  permits  variation  of  any  de¬ 
sign  parameter  so  that  the  most  sensitive  parameters  can  be  identified  when  the  user  is  designing  a  missile 
which  is  outside  his  experience. 


The  general  computation  flow  is  shown  in  Figure  9.  The  program  starts  with  the  definition  of  the 
payload  by  the  guidance,  warhead,  and  pa.kaging  subprograms.  The  propulsion  system  is  then  designed  followed 
by  the  sizing  of  the  control  surfaces  and  the  design  of  the  structure  and  control  systems.  The  weights  of 


the  components  are  summed  and  compared  with  the  weight  at  the  start  o f  the  program;  tho  problem  is  iterated 
until  there  is  a  satisfactory  agreement;  performance  is  ascertained;  thermal  response  is  computed;  and  the 
airframe  material  frequencies  required  to  achieve  the  miss  distances  are  determined.  When  the  desired  per¬ 
formance  parameters  are  achieved,  the  cost  evaluation  phase  is  entered  with  Inputs  (not  shown)  from  each  of 
the  other  modules. 

the  output  is  derived  from  the  subprograms  run  during  the  computation  process  and  from  addi¬ 
tional  subprogram  computations.  For  example,  aero  data  required  to  perform  the  computations  are  limited  to 
drag,  lift,  and  pitching  moment  coefficients.  During  the  output  pheee,  additional  derivatives  are  computed. 
In  addition,  the  linear  analysis  of  the  autopilot  is  conducted,  the  missile  cost  is  estimated,  and  addi¬ 
tional  trajectory  computations  are  performed.  Selected  data  are  placed  on  tape  for  subaequent  plotting  on 
off-line  devices.  Examples  are  trajectory  maps,  aerodynamic  coefficients,  end  linear  analysis  root  locus 
plots.  Certain  multidimensional  results  such  as  the  aerodynamic  data  shown  in  Figure  10  can  be  presented  as 
plots;  other  parameters  such  as  packaging  data  are  printed  out  in  tabular  form  (Table  II). 


Mach  Number 

Figure  10.  Control  Fin  Effectiveness, 
Normal  Force  Slope 

TABLE  XI 

Packaging  Data 

Computer-Aided  Missile  Synthesis  Program 
CAMS  Design  Review  Sample  Run 
Packaging  Data 
22.46.08  Tue  06.22.71 


Radome  length  17,01 

Seeker  section  length  8,93 

Electronics  section  length  7.00 

Warhead  section  length  11.20 

Wing  control  section  length  0.0 

Roll  control  section  length  0,0 

Total  non-propulsion  length  44.13 

Nose  bluntness  length  (XBLUNT)  18.25 

Radome  length  (XRDOME)  17.01 

Seeker  length  (SEEK!)  7.93 

Antenna  thickness  (TDISH)  2.06 

Antenna  gimbal  arm  (GLOC)  2.56 

Antenna  radius  (RANTEN)  6.61 

Bulkhead  thickness  (TBLKHD)  1.00 

Seeker  clearance  length  (CLSEEK)  1.00 

Electronics  plus  battery  length  (GL)  6.00 

Guidance  clearance  (CLGL)  1,00 

Delta  warhead  clearance  (DLCLWH)  0.0 

Warhead  length  (UHL)  10.20 

Warhead  aft  clearance  (CLWH)  1.00 

Warhead  diameter  (DWH)  13.00 

Nose  bluntness  radius  (RNOSE)  6.00 

Radome  thickness  (TRDOM)  0.60 

Radome  weight  (WRDOME)  38.08 

Bulkhead  weight  (WBLKHD)  27.80 

Missile  forebody  diameter  (DFORE)  16.00 

Nose  fineness  ratio  (FINE)  3.00 

Warhead  volume  (VWH)  2000.00 

Electronics  volume  (VOLEL)  895.08 

Guidance  Insulation  (TINSG)  0.20 

Warhead  insulation  (TINSW)  0.10 

Total  missile  Length  (TL)  170.00 
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Table  1X1  presents  the  subsystem  design  options  available.  The  user  designates  the  options  de¬ 
sired  and  specifies  several  trajectories  (Figure  11)  to  start  the  iterative  process.  One  trajectory,  desig¬ 
nated  Che  design  trajectory.  Is  utilized  to  establish  perf oriiiance  measures  and  guidance  demands  and  possible 
axial  loading  conditions,  autopilot  design,  and  thermal  environment.  The  next  trajectory  is  constructed  to 
represent  the  worst  thermal  environment,  and  to  generate  data  for  use  in  the  thermal  mode.  The  last  three 
trajectories  are  optimal  and  are  worst  case,  used  to  determine  the  design  conditions  for  the  autopilot  and 
loads.  The  trajectories  shown  are  representative;  the  user  must  input  the  trajectories  for  individual  prob¬ 
lems.  If  only  the  design  trajectory  is  input,  it  will  serve  as  the  thermal,  load,  and  autopilot  design  also. 

It  13  important  for  the  user  to  appreciate  both  the  size  of  the  program  and  its  running  time. 

In  line  with  the  practice  of  denoting  size  by  the  number  of  boxes  of  statement  cards,  CAMS  is  a  30  box  pro¬ 
gram.  It  operates  with  89  segments  on  the  IBM  360/85  at  a  core  high  water  mark  of  410k  bytes.  Run  times 
are  dependent  upon  the  trajectories  employed  and  so  are  only  indicative.  Typical  values  for  a  solid  rocket 
are  6  minutes  of  central  processing  unit  (CPU)  time  while  an  air  breathing  design  will  tske  approximately 
10  minutes. 


The  guidance  system  subroutine  will  be  examined  next  for  a  more  complete  understanding  of  the 
operation  of  the  program. 


Guidance  System 

Active  Radar 
Semi-Active  Radar 
Active  Laser 
Semi-Active  Laser 
Electro-Optical 
Infrared 
Ultraviolet 
Command 

Inertial  Guidance 

ARH/HOJ 

Correlator 


TABLE  III 

CAMS  Subsystem  Options 

Secondary  Power 

Control  Actuation 
Hydraulic  Turbo  Pump 
Hydraulic  Motor  Pump 
Hydraulic  Gas  Blowdown 
Pneumatic  Cold  Gas 
Electro-Mechanical 
D.  C.  Torquer 

Electrical  Power 
Battery 

Turbine  Alternator 
Shaft  Extraction 


Propulsion 

Rocket 

Solid 

Liquid 

Air  Breathers 

(Podded,  Integral) 

Ram j et 

Solid  Ducted 

Thrust  Vector 
Movable  Nozzle 
Liquid  Injection 
Hot  Gas  Injection 
Jet  Tabs 


Control 


Aer a -Conf i gurat ion 


Autopilot  or  Torque  Balance 
TAIL/body 
TAIL/wing 
CANARD/wing 
TVC /TAIL/body 
WING/ tail 
TVC/TAIL/wing 

Autopilot 
TVC /body 


Nose  Shape  (Ogive,  Cone,  Haeck,  Power,  Hemisphere) 
Nose  Blunting 

Boattail  ,  I 

Surface  Arrangement  (-O- .  F)  ) 

Surface  Planform  '  ir  • 

Surface  Section  (Wedge,  Convex,  Diamond) 

End  Plates 


Range 


Figure  11.  Trajectories 


GUIDANCE  INFORMATION  PROGRAM  DESCRIPTION 


This  program  provides  a  self-sufficient  subprogram  for  synthesis  and  trade-off  analysis  of  ac¬ 
tive  ,  semi-active,  passive ,  and  autonomous  guidance  information  systems.  These  candidates  are  shown  In  i 

Table  III. 

The  program  also  includes  dual  mode  guidance  of  the  respective  mid-course  terminal  guidance 

candidates. 

The  terminal  guidance  information  subprograms  provide  three  basic  options:  one  to  calculate 
aperture;  one  to  compute  threshold,  detection,  end  acquisition  ranges;  or  one  to  compute  transmitter  or 
scene  power  required.  In  addition,  the  program  will  supply  the  tracking  characteristics,  signal-to-noiae 
for  detection  and  acquisition,  weight  and  volume  of  the  guidance  system,  «s  well  sb  other  guidance  charac¬ 
teristics  peculiar  to  each  guidance  technology. 

The  midcourse  guidance  candidates  are  used  to  determine  the  range  capability,  accuracy,  and 
guidance  characteristics  of  this  type  guidance  when  used  either  as  a  stand-alone  or  dual  mode  system.  They 
also  provide  the  misB  distance  computation  for  this  type  system. 

The  laser  semiactive  guidance  program  is  a  typical  subroutine.  The  guidance  system  consists  of 
a  laser  illuminator  which  is  operative  on  the  ground  or  in  an  aircraft  and  a  proportional  navigation,  laser 
missile  using  seoiactive  guidance.  Figure  12  is  a  block  diagram  of  the  basic  components  of  this  type  of 
concept  divided  into  two  parts:  the  missile  guidance  and  the  laser  illuminator. 

The  missile,  its  optical  seeker  head,  ahd  electronics  constitute  a  conventional  homing  missile 
incorporating  proportional  navigation.  The  detector  for  the  seeker  would  be  a  solid  state  device,  optimised 
and  spectrally  filtered  for  laser  radiation.  It  could  be  a  four-quadrant  type,  producing  bang-bang  or  pos¬ 
sibly  semlproportlonal  error  signals.  The  detector  and  its  associated  optica  are  mounted  in  a  two-axis, 
gyro-stabilized  girabil  system  in  the  nose  of  the  missile.  The  gimbaled  optics  and  detectors  are  driven  by 
the  torque  motors  arcing  in  each  axis  to  null  out  any  error  signals  from  the  detector. 

For  the  four-quadrant  detector,  four  low-noise  solid  state  video  preamplifiers,  with  optimized 
input  impedance  and  bandwidth,  provide  signal  amplification  prior  to  the  threshold  detectors.  Four  level 
detector  threshold  circuits  for  the  four  quadrants  of  the  detector  establish  the  seeker's  operating  sensi¬ 
tivity.  The  levels  of  these  detectors  are  adjusted  to  trigger  on  signal-to-nolBe  ratio  levels  which  will 
provide  a  good  probability  of  detection  with  a  low  false  alarm  rate.  Signals  which  exceed  the  system 
threshold  are  fed  to  the  digital  tracker  and  gating  circuit.  This  circuit  provides  time  correlation  gating 
of  the  signals  to  eliminate  false  alarms  due  to  laBer  backscattar  and  background.  In  performing  this  func¬ 
tion  the  circuit  allows  only  those  signals  from  the  threshold  detectors  which  occur  at  the  laser  repetition 
rate  to  pasB  through  to  the  error  generators.  Synchronizing  pulses  from  the  laser  illuminator  are  provided 
to  the  missile  prior  to  launch  to  establish  timing  of  these  gating  pulses  and  ensure  lock-on  to  the  target 
only.  The  time  correlation  technique  increases  the  immunity  to  enemy  countermeasures. 


Aircraft  or  Ground  Illuminator 


Figure  12.  Block  Diagram  of  Semiactive  Laser  Guidance  Technique 
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Signals  from  Che  Cracker  circuitry  are  processed  In  the  digital  error  generators  to  provide  a 
dc  correction  signal  to  the  torque  motors,  thus  maintaining  the  target  in  the  center  of  the  seeker  field  of 
view.  The  digital  error  generators  also  sample  the  position  of  the  glmbaled  optics  with  respect  to  the  mis¬ 
sile  airframe,  and  generate  correction  signals  to  the  missile  control  section. 

The  basic  components  required  for  Illuminating  the  target  ere:  1)  a  Q-switched  crystal  laser 
operating  in  a  pulsed  mode,  to  serve  as  tha  laser  illuminator;  2)  a  power  aupply,  consisting  of  either  re¬ 
chargeable  batteries  or  a  motor-generator  set,  to  provide  the  operating  power  for  the  laser;  3)  the  later 
electrical  aquipment,  containing  the  electronic  circuitry  (storage  capacitors,  timing  clrculta,  etc.)  nec¬ 
essary  for  controlling  the  laser’s  operation;  and  4)  cooling  equipment  to  provide  the  necessary  cooling 
(circulated  water)  for  the  laser  head  during  its  operation. 

The  laser  semi -active  subroutine  provides  a  calf -sufficient  tool  for  synthesis  and  tradeoff  anal¬ 
ysis  of  a  semi-active  laser  guidance  system.  The  program,  at  the  user’s  option,  will  compute  the  range  at 
which  the  slgnal-to-nolse  ratio  is  one  (1.0),  the  range  at  which  a  probability  of  tracking  is  50  percent,  the 
range  at  which  tracking  or  acquisition  la  obtained,  and  tha  range  at  which  the  system  can  acquire  tha  target 
when  tha  detactor/aeeker  is  boreslghted;  tha  aperture  sice  required  for  three  types  of  optical  systems  to  ob¬ 
tain  a  uaar  specified  tracking  range;  or  tha  laser  power  required  to  obtain  the  user's  specified  range  and  e 
given  aperture  size.  In  addition,  tracking  characteristic!  such  as  maximum  tracking  rata,  tracking  loop  time 
constant,  and  noise  characteristic  can  be  determined.  The  threshold  signal -to-nolia  ratio  and  acquisition 
slgnal-to-noise  is  computed  bated  on  given  illuminator  characteristics  and  false  alarm  rata.  Lastly,  tha 
weight,  volume,  and  power  requirements  representative  of  this  type  of  hardware  are  calculated. 

Tha  user  also  has  tha  option  of  selecting  the  type  of  target  reflectivity.  The  material  that 
makes  up  the  target  may  be  such  that  It  acts  like  a  diffuse  reflector,  a  semlflpecular  reflector,  or  a  saml- 
dlffuse  reflector. 

The  program  performs  s  tradeoff  analysis  for  a  given  acquisition  range  and  optical  aperture  to 
show  the  effects  of  field  of  view  on  signal  to  noise,  scan  rate,  optical  T:No,  and  probability  of  detection. 

The  user  has  tha  option  of  aelecting  one  of  three  basic  optical  systems.  Tha  first  is  a  reflec¬ 
tive  system;  for  example,  a  Caesegrainlan  optical  system.  The  second  1b  a  reflective-refractive  optical  aye- 
tam  which  hae  a  refractive  primary  lena  and  a  reflective  secondary  element.  The  third  optical  system  contains 
purely  refractive  elements. 

Next,  the  user  can  select  an  air-to-air  or  an  air-to-ground  mission,  which  affects  the  acan  ratea 
of  tha  system. 

GUIDANCE  PROGRAM  OUTPUTS 

The  performance  and  seeker  characteristics  are  transferred  (Figure  13)  to  other  modules,  as  wall 
as  serving  as  user  information. 

The  guidance  volume  requirement  is  divided  into  seeker  volume  and  electronics  volume;  however, 
these  two  are  added  to  yield  the  guidance  volume,  which  is  sent  to  the  packaging  module.  The  seeker  length 
and  dome  diameter  for  the  semiactive  laser  optics  system  are  also  transferred  to  packaging.  The  dome  diameter 
la  used  to  determine  the  point  on  the  tangent  ogive  to  place  a  hemispherical  nose. 

The  guidance  weight  is  transferred  to  the  weights  module;  however,  for  user  benefit,  the  guidance 
write-out  specifies  the  seeker  weight  and  electronics  weight.  The  electronics  weight  includes  tha  weight  of 
the  power  supply  and  regulators;  therefore,  average  power  requirements  for  the  guidance  system  include  the 
alectronlcs/power  aupply;  glmhaled  spin  motors  and  torquers;  and  detector  power.  These  values  are  transferred 
to  the  secondary  power  module.  The  field  of  view,  gimbsl  limit,  and  maximum  tracking  rate  are  used  in  the 
trajectory-navigation  module  aa  limits  which  art  continuously  monitored,  and  appropriate  messages  are  printed 
when  these  limits  are  exceeded.  For  example,  during  the  terminal  guidance  portion  of  the  missile  trajectory 
run,  the  gimbsl  angle  of  the  seeker  is  compared  to  the  limit.  If  this  limit  ia  exceeded,  then  a  message  la 
printed  stating  so  and  the  program  is  continued. 

The  miss  distance  module  assays  the  accuracy  of  the  missile  based  on  such  parameters  as  guidance 
bandwidth,  reference  range,  acquisition  range,  and  guidance  one-sigma  error  sources.  The  reference  range  is 
that  range  at  which  the  ejgnal  to  noise  equals  one. 

The  cost  module  assesses  the  type  of  guidance  and  optics  and  prices  the  semi- active  laser  system. 

To  illustrate  the  program  operation,  assume  a  semi-active  laser  guidance  system  is  desired  for  the 
air-to-air  'missile  requirement  defined  earlier.  The  system  would  use  an  illuminator  on  the  launch  aircraft  to 
perform  midcourse  guidance  through  the  high  angle  turn  using  a  beamrider  technique  and  conventional  terminal 
guidance.  The  beamrlder  alone  haa  very  poor  accuracy  at  leng  ranges,  whereas  the  terminal  guidance  system 
cannot  be  designed  to  make  large  angle  corrections  with  a  lock-on  before  launch  Bystem. 

To  achieve  the  high  turning  rates,  a  tail  controlled  aerodynamic  configuration  with  dual  level 
thrust  control  is  defined  (Figure  14)  with  Jet  vaneg  to  give  the  effect  of  thrust  vector  control.  During  the 
first  phase  of  the  flight,  for  an  enemy  on  tail  engagement,  the  missile  ia  required  to  turn  as  fast  aa  per¬ 
mitted.  The  aero  capability  ia  limited  to  approximately  a  30  degree  angle  of  attack.  The  effect  of  the  jet 
vanea.  Is  to  increase  the  angle  of  attack  to  approximately  45  degrees.  To  aoslst  In  turning  the  missile  as 
fast  as  possible,  the  thrust  is  kept  at  a  low  level  to  keep  the  missile  velocity  low  during  the  turn.  The 
vanes  tend  to  erode  due  to  the  high  temperature  exposure;  however,  they  last  for  approximately  3  to  4  seconds, 
which  is  sufficient  to  allow  a  180  degree  maneuver.  The  aero  capability  of  the  missile  ia  sufficient  with  the 
high  thrust  level  to  allow  it  tc  overtake  the  target  of  interest  here. 
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User  input!  (Bandwidth,  Pulsawidth,  Trans  power,  Detect  Range,  Radar  Croaa  Section) 


Guid 


W/H 


Antenna  Dla 
Guidance  Vol 


Pkg'g| 

T 


Prop 


XX 


Guidance  Weight  a  Cg 


Tail 

Sizing 


Loads 
St  rue 


Sec 

Power 


Guidance  Power  Requirement 


Tracking  Rata  Limit,  Max  Field  of  View,  Seeker  Angle  Limit 


Guidance  Bandwidth,  Time  Constant  fi  Errors 


Guidance  Cost  Parameters 


Wt 

eg 
l . 


Aero 

Coeff 


Traj 

Nav 


I 


Aero 

Heat 


Miss 
Di  st 


T. 


Cost 


Figure  13,  CAMS  Guidance  Module  Interface 
Weight  14S  lbs 


Advantages/Disadvantages 

1.  Improved  Range 

2.  Good  turn  capability  “  45”) 

3.  Poor  A/C  missile  interface  due  to  wing  span 

4.  Improved  spherical  coverage 


Beamrider/Semi -Active 
Laser  Seeker 


Hose 

Dome 


Battery  and 
Laser  Guid.  El. 


Blast/Frag. 

Warhead 


Sustain/Boost 

Propellent 


Tail  Control 
System 


l  A 


ISeekex]  Guidance 

Electronics 
and  Battery 

7.03  12.88  22.61 


Motor 


42.52 


5.0” 

Diameter 


Figure  14.  Conceptual  Missile  System 

The  missile  it  launched  with  the  lower  thrust  profile  for  the  rear  hemisphere  engagement  and  com 
manded  to  a  large  angle  of  attack  until  the  terminal  guidance  system  picks  up  the  reflected  energy  from  the 
target)  then  the  terminal  guidance  Bignal  is  used  to  trigger  the  dual  area  actuation  system  which  closes  the 
noxzle  area  and  yields  a  high  thrust  level.  Thus,  the  propulsion  is  utilized  in  the  direction  of  the  target 
and  yields  an  excellent  protection  footprint. 


For  the  head-on  ‘sngagement ,  it  is  most  important  that  the  enemy  be  killed  as  soon  as  possible  to 
prevent  him  from  launching  his  missile  on  the  friendly  aircraft,  thus,  If  the  target  is  within  the  terminal 
field  of  view  at  the  time  of  launch,  the  high  thrust  level  Is  commanded  Immediately. 
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Before  ascertaining  the  detailed  characteristics  of  the  guidance  system,  the  CAMS  program  should  be 
used  to  develop  several  trajectory  runs  with  no  restrictions  upon  field  of  vlev  or  glmbal  rates  to  approximate 
the  missile  performance  and  establish  that  this  configuration  is  in  the  correct  performance  range.  Figures  15 
and  16  illustrate  the  resulting  trajectories  which  satisfy  the  original  requirements.  Table  TV  summarizes  the 
input*  required  for  this  guidance  option  of  CAMS.  All  of  the  values  shown  are  stored  in  the  program  and  will 
be  used  to  determine  performance  unless  changed  by  a  new  input  card.  Table  V  furnishes  the  output  data  to 
establish  If  the  Iterative  numbers  fad  to  other  subroutines  have  consistent  values  and  that  th*  mission  re¬ 
quirements  art  satisfied. 

The  output  indicates  that  the  signal-to-noiae  ratio  is  satisfactory.  The  optical  dome  (called 
RAEOME  for  purposes  of  common  program  output)  can  be  built,  the  acquisition  and  detection  ranges  are  slightly 
under  thoee  desired,  while  weight,  power,  size,  etc.  are  within  acceptable  limits. 

This  iteration  (conveniently  chosen)  may  convince  the  guidance  analyst  of  the  feesibility  of  the 
new  missile  concept;  however,  everyone  is  not  so  pleated.  A  great  many  problems  have  been  transferred  from  the 
micelle  to  the  aircraft  fira  control  syetem.  Specifically,  what  la  going  to  heap  the  laser  pointed  at  tha 
right  geometric  position  in  space  to  provide  tha  betmrider  midcourse  guidance  and  then  hold  it  on  target  for 
the  terminal  phase  in  the  face  of  aircraft  motions  and  maneuvers?  Will  the  propulsion  man  smile  about  a  dual 
level  thruat  system?  Truly,  our  guidance  analyst  is  assisting  these  technologies  by  pointing  out  areas  for 
thalr  research  and  development.  Our  guidance  analyst  hat  accompliahed  the  first  iteration  in  weapon  system 
evolvement;  he  has  thrown  tha  problem  to  someone  elae.  If  he  is  pert  of  a  systems  team,  the  problem  will 
shortly  coma  hack  to  him  with  instructions  to  use  single  level  propulsion  and  a  different  guidance  technology. 
Than,  back  to  the  drawing  board,  oops,  computer. 


initial  Position 
X  -  4  nmi,  V  »  1000  Ft 


Impact 


Enemy  A/C  velocity  »  900  ft/a 


<  h 


Launch  at  10,000  Feet 


Boost  Burnout 


I  f 


All  marks  (X,  «re 

1  second  apart. 


Launch  A/C  Final  Position 


Launch^rf/C  Velocity  ■  900  ft/B 
Launch  Point 


Figure  15.  Head-on  Engagement  (Kill  Before  Launch) 


2-13 
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Guidance 


Launch  a/C  Velocity 
900  ft/a 
Maneuver 


Boost  Burn  3 
Out 


All  marks  (x,  - 
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Launch  Altitude 
10,000  feet 


Enemy  on  Tail 
Engagement 


(Kill  Before  Launch) 


initial  Range 
3.27  navi 


Enemy  velocity 
1500  ft/s 


Figure  16.  Turn-Counterturn  Kill 
TABLE  IV 

Computer  Aided  Missile  Synthesis  Program 
Semi-Active  Laser  Guidance 
19,21.19  Thu  11.18.71 

Input  Summary 
Atr-Alr  Caae 

Refractive-Reflective  Optica 
Oiffuae  Reflective  Target 
Alr-Atr  Case 

Collocated  Seml-Actlve  Laser 


Acqulaltlon  range  (nail) 

Detector  dark  current  Xmlcro  amp) 
false  alarm  rate 
Preamplifier  noise  XKA< 

Solar  irrediance  Xw/tq  m/a) 
Meteorological  range  Xnal< 

Target  normal  to  LOS  angle  Xdtg* 

Aiming  error  Xmr<  (tracking  laser) 
Thickness  of  doom  glass  (in) 
Illuminator  peek  povar  (watts) 
Illuminator  range  Xtu»i< 

Baamwldth  Xmr<  (tracking) 

Optical  filter  bandwidth  XA< 
Reflectivity  of  target 
Seeker  eft  bulkhead  diameter  (In) 
Detection  probability 
1/£  seen  angle  Xdeg< 

Pulee  rate  frequency  (C/S) 

Desired  field  of  view  (deg) 

V,o  of  quadrant  summed  ba'ora  detection 


Detector  quantum  efficiency 
1.0000  Wavelength  Imetera) 

0.10000E-00  Video  bandwidth  (Hr) 

6,0000  Haight  of  target  XKft' 

0.60000E-01  Height  of  receiver  XKft< 

15.000  Laser  pulse  width  (lie) 

60.000  Boreaight  error  Xmr<  (tracking) 

0,20000  Target  velocity  ral  to  LOS  (ft/aec) 
0.25000  Length  from  optica  to  pivot  (*B7 
0, 10000E-08  Haight  of  illuminator  XKft) 

1,0000  Aperture  Xaq  In' 

0.20000  Optical  transmission 

HOO.O  Reflectivity  of  background 

0.70000  Detector  diameter  Xin< 

5,00000  Velocity  of  alrcref t/miaaila  Ift/eee* 

0.90000  Electronics  density  (lbs/ln  ) 

30.000  Minimum  guidance  range  (nmi) 

10,000  Ho.  of  quadrant  calls  « 

30.000  Effective  area  of  the  target  (ft  ) 

1.0000 

Compute  Range 


0.30000 
0. 10600E-05 
0.11700E-08 
10.000 
10.000 
0 . 1 5000E-01 
0.20000 
900.00 
0,50000 
10,000 
6,2500 
0.69000 
0.10000E-00 
0.75000 
0.90E-(13 
0.21750E-01 
0.50000E-01 
4,0000 
10.000 


Computer -Aided  Missile  Synthesis  Program 
LAAM  Design  Case 
Semi-Active  laser  Guidance 
19.21.19  Thu  11.18.71 

Output  Summary 


Signal/Noiee 


Signal/noise  ratio  (dB) 

8.722 

Threshold/noise  ratio 

6.177 

Noise  bandwidth  XHz< 

0.2933E-08 

Fluctuating  signal  to  noiae  (dB) 

0.0 

Total  signal  to  noise  (ratio) 

7.452 

Radome  Sizing 

Aperture  length  (inches) 

2.9610 

Aperture  (Inches  squared) 

6.2500 

Focal  length  (optics/antenna)  in 

1.3995 

Thickness  of  radome 

0.25000 

Dlah  length 

0.0 

Length  from  pivot  to  front  of  dlah  0.75000 

Gimbal  freedom  (degrees) 

30.0 

1/2  scan  angle  (degree*) 

30.0 

Range  at  S/N-1  for  Given  Aperture 

Signal  current  (amps) 

0.18790E-07 

Internal  noise  current  (amps) 

0.60000E-08 

Solar  shot  noise  current 

(amps) 

0.17335E-07 

Aperture  diameter  (in) 

2.8209 

Aperture  (in2) 

6.2500 

Actual  signal/noise  ratio 

1.019 

Range  at  S/N  ■ 

1  (Kft)  91.61 

Range  at 

Detection 

Signal  current  (amps) 

0.11 353E-06 

Internal  noise  current  (amps) 

0.60000E-08 

Solar  ohot  noiae  current 

(ampB) 

0. 1 7335E-07 

Aperture  diameter  (in) 

2.8209 

Aperture  (in2) 

6.2500 

Actual  signal/noise  ratio 

6.155 

Detection  Range  at 

PD  ■(  0.5  (Kft)  48.94 

Acquisition  Range 

Signal  current  (amps) 

0.1 3771E-06 

Internal  noise  current  (amps) 

0.60000E-08 

Solar  shot  noise  current 

(amps) 

0.17335E-07 

Aperture  diameter  (in) 

2.8209 

Aperture  (in2) 

6.2500 

Actual  signal/noise  ratio 

7.466 

Acquisition  Range  Off  Boresight  (Kft)  45.94 

Boresight  Acquisition  Range 

Signal  current  (amps) 

0.13768E-06 

Internal  noise  current  (amps) 

0.60000E-08 

Solar  shot  noise  current 

(amps) 

0.17335E-07 

Aperture  diameter  (in) 

2.8209 

Aperture  (in2) 

6.2500 

Actual  signal/noise  ratio 

7.464 

Boresight  Acquisition  Range  (Kft)  29.94 

Guidance  System  Parameters 

Solution  of  FOV  versus  PI 

i  for 

29.94 

Aperture  (aq  in) 

6.250 

range  (Kft) 

Alpha 

Signal/ 

Focal  Scan  Probability  of 

FOV 

RMS  Noise  T  number 

Length  Rate 

Detection 

2.00 

21.480 

9.1683 

21.484  10.000 

1 . 0000 

4.  PC 

20.498 

4. 5828 

10.739  20.000 

1.0000 

6.  CO 

19.125 

3.0536 

7.1554  30.000 

1.0000 

8.00 

17.596 

2.2686 

5.3628  40.000 

1.0000 

10.00 

16.081 

1,8292 

4.2863  50.000 

1.0000 

15.00 

12.828 

1  .2156 

2.8484  75.000 

1 . 0000 

2y.00 

10.446 

0.90760 

2.1267  100.000 

0.91101 

30.00 

7.4643 

0.59726 

1.3995  150.00 

0.90107 

*40.00 

5.7589 

0,43969 

1.0303  200.00 

0.33808 

*50.00 

4.6787 

0.34319 

0.80419  250.00 

0.67071E-01 

37.55 

6.1026 

0.47076 

1.1031  187.75 

0.50000 

Guidance 

Seeker  line  of  sight  (deg) 

0.0 

Threshold  noise  ratio 

6.17662 

Acquisition  seeker  power 

(w/in2) 

0.70326E-06 

Width  of  scan  !tKft< 

1816.41846 

Effective  baamwidth  1R< 

0.52510E-03 

Circle  of  equal  probability  (ft) 

9.2590 

Seeker  dynamic  range  req 

10532, 

System  false  alarm  (fa/sec) 

0.14207F.-01 

Blind  probability 

0. 36000E-01 

Seeker  bandwidth  (rad/sec) 

20.00 

Seeker  time  constant  (sec) 

0, 5000E-01 

Detector  responRivity  (amp/watt) 

0.4540E-01 

Maximum  tracking  rate  (deg/sec) 

75.000 

Maximum  scan  rate  (deg/sec) 

150.00 

Ratio  of  the  energy  that 

falls 

0.27867 

Seeker  weight  (lb) 

5.6500 

on  the  target 

Electronics  volume  (in^) 

180.00 

Seeker  volume  (in3) 

113.51 

Detector  power  req  (watts) 

1 .0000 

Seeker  length  (in)  (reflect- 

4.948 

Electronics  power  req  (watts) 

10.000 

refract) 

Guidance  weight  (lb) 

9.565 

Electronics  weight  (lb) 

3,9150 

Seeker  white  noise  PSD  (rad2/Hz) 

0. 31831E-07 

Seaker  power  req  (watts) 

2.0000 

Glint  noise  (ft  sq/rad/sec) 

5.508 

Guidance  volume  (cubic  inches) 

293.5 

Drift  rate  noise  (rad2/Hz) 

0. 10O0E-1 1 

Dome  diameter  (in) 

4.734 

Seeker  dome  error  slope 

0. 3000E-01 

Bandwidth  to  glint  (rad/sec) 

12.00 

No  roll  rate  requirements 

Gimbal  freedom  (deg)  22.30 

Bandwidth  of  drift  (rad/Hz)  8,000 

Range  noise  power  sp  den  (rad 2/  0.0 

rud/sec) 

Hemispheric  nose  section  required 
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SUMMARY 


The  control  ayatem  engineer  must  be  apprised  of  all  milalon  requirement*  and 
the  alternate  aolutlona  propoaed  by  all  aubayatam  engineer*.  He  must  conceive  preliminary 
control  ayatem  concept*  which  are  compatible  with  the  mlaalon  requirement*.  He  then 
participatea  in  preliminary  analytical  work  which  lead*  to  the  ea t ab llahment  of  increas- 
lngly  firm  control  ayatem  requlremanta  and  the  tolerance  of  the  control  ayatem  parameter* 
to  changaa  in  other  aubayatam  parameter*. 

Example*  of  the  proceaa  and  the  different  level*  of  control  ayatem  requlremanta 
definition  are  given  for  repreeentative  tactical  miaelle  situation*. 

1.  INTRODUCTION 

During  the  life  cycle  of  a  tactical  weapon  ayatem,  the  requirement*  for  the 
control  eyatam  ere  aet  in  tha  early  deaign  phanea.  From  then  on,  it  become*  increaaingly 
more  difficult  to  change  tha  requirement*.  The  difficulty  la  a  matter  of  coat,  achedule, 
capability,  or  combination* .  The  flrat  topic  treated  below  will  describe  the  timing  of 
control  ayatem  requirement*  ea tab llahment  and  who  aet*  tha  requlremanta. 

Following  the  description  of  whan  and  who  typically  acts  the  requirements, 

three  example*  will  be  presented  which  show  the  variety  of  issues »  candidate  solutions, 

and  selections  of  control  systems  to  meet  requirements. 

The  examples  are  hypothetical  in  that  no  actual  weapon  ayatems  or  their  require¬ 
ment*  and  achedule  are  cited.  The  ranges  of  parameter  values  and  the  type*  of  control 
ayatem  implementation*  are,  however,  realistic.  All  are  covered  in  text  book  and  open 
literature  sources.  The  type  of  weapon  system  requirement,  process  of  analysla,  reason  ing 
on  concept  selection,  are  Intended  to  provide,  by  example,  assistance  in  current  and 
future  tactical  weapon  control  system  selection. 

2.  WHEN  AND  WHO  SETS  CONTROL  REQUIREMENTS? 

Market  survey  studies  reveal  that  many  tactical  weapon  systems  ere  conceived 

and  identified,  but  few  go  all  the  way  through  production  and  deployment.  For  those 

which  do,  the  time  span  is  on  the  order  of  7  to  10  years  for  all  the  events  to  be 
completed. 


During  this  lengthy  period,  the  subsystems,  including  the  control  subsystem, 
undergo  their  development  to  maturity.  With  the  aid  of  Figure  1,  the  period  during  which 
the  control  requirement  is  established  will  be  identified. 

For  e  typical  tactical  weapon  system,  a  ten-year  span  between  first  identifi¬ 
cation  as  a  concept,  an  acronym,  or  a  budget  item  is  postulated.  Figure  1  displays 
typical  times  associated  with  Concept  Formulation,  Design  Development  and  Competition 
among  interested  companies  or  agencies,  the  Development  and  Test  of  vaapou  system  proto¬ 
types,  and  finally  the  Production  and  Deployment  of  the  weapon  system. 

In  the  Concept  Formulation  phase,  the  pace  of  weapon  system  and  threat 
definitions  is  fast.  Calculations  and  analysts  are  made  for  feasibility  and  performanca 
goals,  without  complate,  thorough  coverage  of  flight  regimes.  All  englnearlng  disciplines  - 
propulsion,  structures,  guidance,  system  enelyses,  etc.,  -  need  some  Inputs  with  which 
to  carry  on  their  own  preliminary  work.  Therefore,  the  control  system  engineer  can  I 

change  hie  ideas  in  a  few  minutes  In  response  to  desired  weapon  system  characteristics. 

After  sufficient  iterations  and  more  formal  specification  of  the  weapon  system 
requirements  and  threat  definition,  favored  configurations  begin  to  develop.  Each 
engineering  discipline  engineer  becomes  more  conscious  of  hie  design  establishment  effect 
on  the  other  engineers.  The  control  subsystem  Is  oni  of  the  last  to  respond  to  the 
desires  and  requirements  of  the  others,  who  are  reaching  and  homing  on  the  targets  assuming 
perfect  control  of  the  vehicle.  In  the  Design  Development  phase,  a  few  minutes  of  dis¬ 
cussion  will  now  stretch  to  houre  of  trade-off  activity,  and  the  beginnings  of  written 
commitment  records  concerning  control  system  requirements  and  design. 

A  go-aheed  on  a  weapon  system  to  Development  and  Test,  followed  by  Production 
end  Deployment,  brings  ebout  formal,  contractual,  performance  requirements  and  official 
documentation.  As  thase  phases  proceed,  the  length  of  time  to  change  a  requirement  or 
design  feature  grows  very  long.  Paperwork  must  be  channeled,  boards  must  meet,  approvals 

I 
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nuat  ba  obtained,  funde  must  ba  mad*  available.  The  control  system  requirements  selected 
In  the  latter  part  of  Design  Development  and  committed  In  early  Development  and  Test  must 
stand  firm  to  be  considered  successful.  The  times  shaded  In  Figure  1  shov  the  period 
considered  most  critical  for  the  control  system  engineer  In  establishing  the  control 
requirements  and  design  for  a  major  tactical  missile.  The  activity  during  this  period 
will  be  emphasized  in  the  examples. 


The  number  and  type  of  control  system  engineers  very  in  the  weapon  system 
time  cycle.  A  typical  variation  la  to  start  and  maintain  a  vary  small  number  of  analysis 
oriented  engineers  through  tha  concept  and  design  definition  phases.  These  engineers 
should  havs  some  hardware  experience.  Their  main  forte  should  be  ayntheals  and  analysis 
of  control  concepts,  and  simulation  of  complex  systems  capability.  In  the  later  phases 
of  the  weapon  system,  larger  numbers  of  engineers  are  required  to  handle  hardware  flow, 
formal  paperwork,  teat  and  field  activity,  manufacturing,  and  field  delivery  activity. 
Typical  numbers  of  personnel  with  engineering  degrees  and  control  system  specialization 
are  shown  In  Figure  2  for  different  phases  of  weapon  system  development.  The  shaded  area 
shown  between  Design  Development  and  Development  and  Test  signifies  that  during  that  time 
period,  one  to  three  engineeva  make  the  binding,  long-term  decisions  on  requirements  to 
be  met  and  a  configuration  to  meat  them. 


TYPICAL  TIMELINE  NUMBER  OF  CONTROL  SYSTEM  ENGINEERS 

YIAHI  AFTER  COHCtFT 


Figure  1  Figure  2 

3.  EXAMPLES 

To  Illustrate  the  types  of  decisions  required  at  the  critical  time  of  control 
system  requirement  selection,  three  examples  are  presented.  The  relationship  between  the 
three  situations  Is  that  they  are  different  In  technical  detail  but  similar  in  that  an 
engineer,  fairly  early  in  tha  total  life  of  the  system,  made  decisions  which  were  very 
difficult,  from  then  on,  to  modify. 

3.1  EXAMPLE  1,  SURFACE-TO-AIR  MISSION,  S-A 

The  control  system  for  a  defensive,  surface-to-air  mission  1b  considered  as  the 
flret  example.  Figure  3  shows  the  general  features,  and  the  example  Is  referred  to  as 
S-A,  for  surf scs-to-alr .  The  total  height  and  range  envelope  are  such  that  ground  commands 
to  the  missile  are  required  between  launch  and  acquisition  by  a  terminal  homing  sensor. 

The  target  apectrum  Is  broad,  Including  high  and  low  flying  aircraft  assumed  to  be  capable 
of  tenting  the  missile's  presence  and  performing  evasive  maneuvers,  and  formation  flights 
designed  to  counter  a  one-on-one  firm  lock-on  and  track. 

In  the  early  phaseo  of  study,  control  system  desired  features  come  to  light. 
Simulations  show  that  a  midcourse  speed  loss  due  to  an  over-responsive  control  system 
Inducing  too  much  drag  limits  the  range.  High  reiponse  is  required  after  lock-on  to  cope 
with  maneuvers.  With  both  midcourse  and  terminal  phases,  considerable  avionics  will  be 
on  board,  and  sharing  computing  functions  Is  desired.  Finally,  even  though  the  threat 
la  conaldared  advanced,  techniques  and  hardware  proven  in  the  past  are  desired  to  minimize 
program  risk.  These  conflicting  desires  art  Indicated  pictorlslly  in  Figure  4. 

These  mission  desires  lead  the  control  in. '(near  to  consider  alternate  solutions 
to  the  major  control  system  aspects.  Three  of  tU'  .>ujor  aspects  are  tabulated,  along 
with  contracting  solutlone  and  t'nelr  pros  and  cons.  In  Figure  5.  A  roll-to-steer  con¬ 
figuration  Is  slower  but  simpler  then  e  cruciform  coi ■ I puratlon  In  carrying  out  heading 
changa  command* .  Providing  control  syatem  gain  changes  over  tha  wide  dynamic  pressure 
regime  can  be  accomplished  by  ground  obeervatlon  and  ti nnsmlsalon  or  by  sensing  In  each 
mliaile.  Providing  tha  hardware  in  the  missile  allows  for  intermittent  ground  link  loss 
and  increased  missile  handling  capability.  The  uplink  for  steering  commands  places 
digital  equipment  in  each  missile.  Therefore  the  use  of  digital  devices  in  a  computer 
for  rutopllot  calculations  becomes  an  obvious  considers)  >•  as  an  alternate  to  using 
conventional  analog  computing  elements.  The  question  c"  xalog  versus  digital  autopilot 
calculations  becomes  one  of  the  major  trades,  with  su1  y  and  cost  considerations. 
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Th  *  control  ayatem  engineer  now  has  to  do  hla  analyaea,  in t e rpre ta 1 1  one  , 
and  coordination  with  the  other  engineers  on  the  program, 
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Figure  3  Figure  4 


For  the  issue  of  ro  11- to-s tear  versus  s  cruciform  configuration,  a  response 
time  requirement  needs  to  be  established.  The  change  in  miss  distance  as  a  function  of 
missile  response  time  Is  determined  from  simulation  and  plotted  In  the  upper  left  part  of 
Figure  6.  A.  highly  responsive  missile  has  small  miss  distances  for  2g  maneuvering  targets, 
and  has  Increasing  miss  distance  as  the  rasponss  time  increases  and  the  missile  becomes 
sluggish.  For  lOg  maneuvering  targets,  If  the  missile  Is  too  responsive  It  losee  speed 
and  misses  badly.  If  It  Is  too  slow  In  response.  It  also  misses  badly.  A  regime  of  beet 
response  time  is  observed.  If  the  roll-to-s tear  missile  response  cannot  be  brought  down 
to  this  regime,  the  cruciform  configuration  will  be  selected, 

SIMULATION  RESULTS.  EXAMPLE  S-A 


MAJOR  CONTROL  SYSTEM  TRADES,  EXAMPLE  S-A 
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Figure  5  Figure  6 


To  see  whether  the  control  system  gain  changes  should  be  computed  on  the  ground 
and  transmitted,  or  should  be  Implemented  in  each  missile,  an  analysis  is  performed.  The 
number  of  gain  levels  Incorporated  Is  varied  as  the  missile  passes  through  the  spectrum 
of  dynamic  pressures  of  midcourse  flight.  The  velocity  lost  due  to  missile  control 
activity,  and  the  power  required  to  produce  this  activity,  are  highest  for  a  smell  number 
of  gain  level  changes  (non-optimal)  and  decrease  ee  the  number  o  f  gain  levels  Increase 
(nesr-optimel) .  Tolerable  velocity  losses  and  power  level*  are  marked  on  th*  upper  right 
data  of  Figure  6.  Th*  number  of  gain  level  changes  cen  be  picked.  A  smell  number  can  be 
Implemented  easily  In  each  missile;  a  large  number  will  be  too  costly  to  Implement.  In  each 
missile. 

Th*  establishment  of  a  nominal  response  time  for  tho  missile  assists  in  deter¬ 
mining  th*  feasibility  of  s  digital  autopilot.  If  th*  computation  rates  ere  within 
state-of-the-art  computer  ceptb llltle* ,  so  that  development  risk  Is  low,  then  th*  cost 
trade*  on  avionics  hardware  favor  th*  all-dlgltel  computing  system.  The  lower  curve  of 
Figure  6  shows  computer  iteration  rate  required  for  snslog-llk*  performance  a*  a  function 
of  response  time,  For  rapid,  neer-tero,  response  times,  the  computer  speed*  cannot  be 
met.  For  slow  misiiile  response,  or  long  response  time,  the  computer  speedtt  ere  well 
within  the  state-of-the-art. 

The  major  decisions  made  by  the  control  system  engineer  are  arrived  at  after 
consider  ing  th*  data  and  the  situations.  They  era,  ss  summarized  In  Figure  7,  1)  roll-to- 
steer  1»  too  slow;  go  with  e  cruciform  configuration  even  though  th*  complexity  of  sorting 
out  the  commends  to  the  four  actuators  Is  complicated ;  2)  use  th*  up-link  for  th*  numerous 


gain  change  commands  and  give  up  Che  ability  to  ride  smoothly  through  an  up-llnk  loss; 
3)use  the  less  familiar  digital  autopilot,  since  computation  rates  are  within  the  state- 
of-the-art  and  a  cost  saving  can  result  from  advances  in  digital  circuit  components. 

The  final  step  of  the  major  commitment  by  the  control  system  engineer  Is  to 
sat  down  and  formalize  the  control  system  requirements.  He  establishes  these  In  the 
accepted  media  of  the  program.  Figure  S  Illustrates  a  tabular  summary  of  the  typical 
Items  to  which  he  commits.  The  double-ended  arrow  signifies  that,  from  this  point  on, 
changes  in  any  of  the  subsystems  on  the  right  could  influence  one  or  more  of  the  control 
system  values  and  cause  possible  major  impacts.  Similarly,  If  the  control  system  Imple¬ 
mentation  does  not  maet  the  committed  values,  one  or  more  of  the  subsystems  may  be 
Impacted  In  a  major  way. 

CONTROL  SYSTEM  REQUIREMENTS,  EXAMPLE  S-A 
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3.2  EXAMPLE  2,  SURFACE-TO-SURFACE,  S-3 

In  the  second  example,  some  of  the  same  and  some  different  considerations  are 
Involved  for  the  control  system  engineer,  The  example  considered  is  a  rail  launched 
missile,  boosted  to  flying  speed,  and  then  powered  by  a  cruise  engine  on  a  relatively 
long  subsonic  flight.  The  flight  is  programmed  so  that  a  long  high  altitude  midcourse 
flight  is  fallowed  by  a  low  level  dash  and  homing  on  a  specified  target.  The  altitude  - 
range  and  altitude  -  speed  regimes  are  shown  in  Figure  9;  and  the  example  is  referred  to 
as  S-S  for  surf ace- to-surf ace . 


Some  of  the  major  mission  Issues  which  the  control  system  engineer  is  faced 
with  are  shown  In  Figure  10.  Control  of  the  time  of  arrival  at  the  target  Is  required, 
for  overall  mission  effectiveness.  This  requires  speed  control  as  an  additional  loop. 

A  mission  requirement  which  dominates  many  control  system  requirements  Is  for  terrain 
clearance.  A  probability  of  clobber  at  a  particular  average  altitude  is  desired  by 
mission  analysts  and  presented  to  the  control  system  engineer.  The  mission  planners  want 
no  restrictions  on  their  ability  to  plan  and  execute  flights  from  weather  or  geographical 
location.  Finally,  the  propulsion,  aerodynamics,  and  structure  preliminary  designs 
converge  on  a  few  poes lb  ill  ties  which  look  favorable  provided  the  control  system  limits 
the  angles  of  attack  and  sideslip  so  that  sufficient  air  is  available  to  the  engine  inlets. 
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Figure  10 


The  major  trades  ar.d  decisions  required 
brought  out  by  the  mission  requirements.  If  speed 
seeking  of  the  Inlets,  can  be  implemented  with  two 
three,  a  cost  savings  results.  If  pre-launch  time 


of  the  control  system  engineer  are 
control,  terrain  clearance,  and  no 
axes  of  control  elements  rather  than 
can  be  allotted  to  inputting  gain 
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Decision!  are  sought  by  analysis,  simulation,  and  discussion  with  the  other 
subsystem  engineers.  The  decisions  on  the  major  trade  Items  are  Interrelated  with  one 
another  and  greatly  Influenced  by  the  other  mission  constraints,  particularly  the  low 
altitude  and  range  requirements, 

To  help  decide  whether  a  two  axis  roll-to-s tear  configuration  can  be  uaed,  the 
data  of  the  upper  curve  of  Figure  12  are  generated.  The  ability  to  recover  from  sub¬ 
stantial  gusts  Inducing  sideslip  Is  evaluated  for  a  nominal  configuration  with  two  axes 
and  three  axes  of  control.  At  5°  of  Induced  sideslip,  Inlet  air  begins  to  fall  off 
rapidly.  The  sideslip  angle  Is  determined  as  a  function  of  yaw  axle  etatic  stability, 
which  Increases  as  the  tall  surface  Increases.  Since  drag  Increases  with  tall  surface 
area,  reducing  range,  a  limit  Is  set  at  which  the  drag  Is  considered  excessive.  Designs 
which  hold  sideslip  below  5°  and  tail  area  below  the  value  corresponding  to  0.007-1  are 
considered  acceptable. 

MAJOR  CONTROL  SYSTEM  TRADES,  EXAMPLE  S-S  ANALYSIS  AND  SIMULATION  RESULTS,  EXAMPLE  S-S 
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Figure  11 


Figure  12 


The  issue  of 
alderlng  mission  conven 
will  work.  The  adaptlv 
system  for  which  the  p 


the  autopilot  loop  gain  change  implementation  la  decided  by 
lence  versus  cost.  Both  adaptive  systems  and  programmed  sy 
e  system,  once  Implemented, is  simpler  to  use  than  the  progr 
re-launch  required  program  changes  with  weather  nnd  profile 
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The  actuation  system  selection  Is  dependent  primarily  on  the  low  altitude  require 
ment.  Mieslle  flight  at  altitude  in  mid-courae  and  in  the  homing  phase  do  not  call  for 
large  acce lera t lone  or  rapid  response.  The  lower  left  curve  of  Figure  12  shows  the 
variation  of  nyinimum  altitude  with  short  period  frequency  for  different  maximum  missile 
acceleration  levels.  The  higher  the  frequency  the  fewer  the  g's  required  for  terrain 
avoidance.  However,  at  too  high  a  frequency  control  surface  actuators  cannot  be  obtained. 
The  solid  i urve  in  the  lower  right  portion  of  Figure  12  shows  the  surface  rates  required 
for  terrain  following  as  a  function  of  control  surface  area.  Since  control  surface  area 
Is  proportional  to  hinge  moment,  the  peak  power  required  can  be  determined  at  each 
possible  operating  point.  By  trial,  an  operating  point  can  be  found  at  which,  for  the 
same  peak  power,  less  than  the  maximum. surface  rate  required  for  terrain  following 
results.  Therefore,  the  dashed  curve  of  constant  actuator  power  suggests  operation  at 
about  252  of  the  wing  area. 

The  considerations  on  analog  versus  digital  equipment  for  the  on-board  calcula¬ 
tions  are  similar  to  the  adaptive  versus  programmed  autopilot  Issue.  The  system  will 
work  both  ways.  Analog  Is  more  familiar.  Digital  is  more  flexible  and  can  be  Incorporated 
Into  other  computing  hardware. 
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for  the  surf ace-to-air  missile.  As  in  that  esse,  it  becomes  very  difficult  to  change  the 
design  values  of  the  control  subsystem  or  react  to  changes  In  the  other  subsystems  once 
the  requirements  are  set. 

3.3  EXAMPLE  3,  AIR-TO-SURFACE ,  A-S 

The  third  example  to  be  discussed  is  an  alr-to-surface  mistion,  referred  to  as 
A-S.  The  mission  flight  phases  include  launch  over  a  vide  range  of  airplane  speed  end 
altitude  conditions,  missile  midcourse  flight  over  a-  vide  range  of  spaed  and  altitude 
conditions,  and  terminal  homing  on  ground  targets.  The  hoeing  phase  does  not  dominate 
the  flight  control  design;  launch  aafety  and  the  vide  dynamic  range  of  flight  condition* 
are  the  key  items.  The  mission  is  illustrated  in  Figure  14. 
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EXAMPLE  A-S.  AIR-TO-SURFACE  MISSION 


The  considerations  which  the  mission  systems  engineers  have  great  concern  for 
in  their  discussions  with  the  control  system  engineers  ere  shown  in  Figure  15.  Missile 
storage  Internal  to  carrier  aircraft  will  be  required,  so  the  number  and  size  of  the  fins, 
and  whether  a  folding  mechanism  is  required,  become  key  questions,  Hie  issue  of  launch 
safety  combined  with  the  requirement  to  have  the  missile  fly  high,  low,  to  the  side,  and 
to  the  rear,  cauae  a  great  variety  of  flight  condition  stability  analyses  and  simulations 
to  be  performed. 

The  choicea  for  the  control  surfaces  and  the  data  which  assist  in  making  the 
selections  end  setting  the  requirements  are  shown  in  Figure  16.  Folding  fins  can  be 
larger  and  provide  leas  risk  of  unstable  flight  regimes.  Fixed  fins  provide  a  simpler, 
cheaper,  design.  The  uppei  curve  of  Figure  16  is  basically  a  drag  versus  increasing 
control  surfscs  area  curve,  with  the  fin  span  of  a  three  fin  configuration  used  as  the 
parameter.  Three  fins  will  be  more  difficult  to  store  then  four.  The  mission  planners 
and  aerodynamicis ts  set  a  desired  upper  limit  on  drag,  beyond  which  range  and  velocity 
penalties  become  too  large  and  can  only  be  allowed  if  the  missile  cannot  be  stabilized. 

The  fixed  fin  configuration  Is  clearly  desirable,  pending  stability  considerations.  To 
decide  whether  three  fins,  with  less  hardware,  can  be  used,  the  stability  of  the  missile 
critical  flight  regimes  needs  to  be  assessed  for  an  assumed  autopilot  capability.  Plots 
similar  to  the  lower  one  of  Figure  16  are  made  for  all  the  critical  conditions.  The  one 
ahown,  for  a  supersonic  turning  condition,  shows  the  static  stability  in  yaw  as  a  function 
of  angle  of  attack.  For  three  fins  and  high  angles  of  attack,  the  body  masks  the  fin 
which  Is  to  provide  the  lateral  stabilizing  force.  The  nominal  autopilot  cannot  overcome 
the  de-s  tab  il  1  zing  effects  with  three  fins. 


MISSION  DESIRES  AND  CONSTRAINTS,  EXAMPLE  A  S 


CONTROL  SURFACE  TRADES  AND  DATA,  EXAMPLE  A-S 


3. a. -7 


Tha  particulars  of  the  autopilot  design  oust  now  be  set,  with  nominal  autopilot 
performance  used  in  the  control  surface  trades.  The  autopilot  choices  and  date  are 
displayed  in  Figure  17. 

AUTOPILOT  TRADES  AND  DATA.  EXAMPLE  A-S 
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Figure  17 


CONTROL  SYSTEM  SELECTION.  EXAMPLE  A-S 


e  CONTROL  SURFACES 

•  FIXED  FINS 

•  FOUR  FINS 

e  AUTOPILOT 

•  NORMAL  ACCELERATION  FEEDBACK 

•  ANALOG 

■  CIUASI*  ADAPTIVE 

Figure  18 


The  flight  conditions  for  which  pitch  axis  motion  are  investigated  include 
launch  with  controls  locked,  high  altitude  with  high  angle  of  attack,  and  terrain  avoidance 
with  high  vertical  acceleration  requirements.  The  use  of  a  minimum  of  flight  hardware 
la  always  a  prime  conaideratlon.  The  use  of  an  attitude  autopilot,  with  no  vertical 
acceleration  limit,  is  easy  to  implement  and  does  not  need  accelerometers.  The  flight 
condition  which  is  most  critical  turns  out  to  be  the  terrain  avoidance  mode  in  which  rough 
terrain  produces  signals  calling  for  high  vertical  accelerations  and  high  angles  of  attack. 
Simulations  show  that  without  acceleration  snnalng  leading  to  angle  of  attack  limiting, 
the  missile  will  go  unstable  over  rough  terrain.  The  data  are  shown  in  the  upper  curve 
of  Figure  17.  Over  the  full  range  of  dynamic  pressure,  the  use  of  analog  filter  elements 
versus  digital  computations  is  investigated.  The  digital  autopilot  is  more  flexible  and 
simpler  to  change,  but  the  analog  autopilot  la  faster  and  more  capable.  The  middle  curves 
of  Figure  17,  showing  the  capability  of  each  as  a  function  of  dynamic  pressure,  show  that 
the  digital  autopilot  cannot  provide  the  desired  stability  at  high  dynamic  pressures. 
Finally,  fixed  gain  scheduling  prior  to  launch  would  suffice  if  the  velocity-time  history 
was  predictable  to  a  certain  tolerance.  Gain  margin  as  a  function  of  thrust  uncertainty 
la  plotted  in  the  lower  curves  of  Figure  17.  As  the  uncertainty  increases,  the  fixed 
gain  technique  cannot  handle  the  high  dynamic  pressure  condition  of  the  curves.  A  gain 
scheduling  technique  based  on  sensed  dynamic  pressure  is  not  affected  by  engine  thrust 
variations . 


Thus,  the  main  configuration  features  are  formulated  by  analyses  of  the 
sensitivity  of  key  control  system  items  to  weapon  system  parameters.  Figure  18  aummarlres 
the  choices  made  in  the  al r- to-surf ace  mission.  The  data  curves  used  to  make  the  decisions 
nt  the  values  to  which  the  control  system  engineers  commit  to  numerical  requirements,  in 
a  format  similar  to  the  one  of  Figure  8  of  the  surface-to-air,  or  S-A,  example. 

In  this  example,  with  its  exceptional  range  of  dynamic  pressure,  the  presented 
sequence  of  trades,  date,  and  selection,  represents  a  great  simplification  of  the  design 
activity.  Iteration  after  iteration  was  required  as  aerodynamic  data  were  refined,  weight 
statements  made  complete,  simulations  expanded  and,  most  significant,  compromises  reached 
between  desired  and  feasible  technical  goals. 

4.  CONCLUSION 

The  last  two  decades  have  brought  much  of  the  same  and  a  few  different  aapects 
of  control  system  configuration  and  requirement  establishment.  Every  design  looks  like 
some  thing  between  DaVincl  and  some  thing  In  someone's  brochure.  Any  claim  to  a  new  idea 
can  be  invalidated  in  aomeone'a  archives.  Some  things  which  have  changed  significantly 
are  the  analytical  ability  of  our  young  engineers,  the  simulation  tools  now  available,  and 
the  sensor  and  computing  elements  available  for  on-board  missile  use.  The  role  of  the 
control  system  engineer,  even  with  these  advances,  will  continue  to  be  to  hear  the  desires 
of  the  mission  analysts,  the  uncertainties  of  the  aerodynamlclats ,  the  limitations  of  the 
avionics  engineers,  and  the  walla  of  the  weightu  engineers,  and  then  make  the  missile  fly 
properly . 


I 
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SUMMARY 


The  adjoint  equations  yielding  the  error  sensitivites  of  a  linear  system  are  explained.  The 
Laplace  transforms  representing  the  solutions  of  the  adjoint  equations  of  a  linear  interceptor  guidance  sys¬ 
tem  are  developed.  The  solutions  for  an  interceptor,  represented  by  a  first-order  lag  and  utilizing  pro¬ 
portional  navigation,  are  derived. 

ADJOINT  SYSTEMS 

To  approach  the  solution  of  a  set  of  linear  differential  equations 
X  =  AX  +  U 

which  may  be  diagrammed  as 


let  us  introduce  an  as-yet-undefined  vector  Z  and  form  y,  the  single-valued  inner  product  of  Z  and  X: 
y  =  ZTX 

Differentiating,  we  obtain 

<f  =  ZTX  +  ZTX 

=  ZTX  +  ZT(AX  +  U) 

=  <ZT  +  ZTA)X  +  ZTU 
If  we  find  a  Z  that  makes 

ZT  +  zta  =  0 

then 

y  =  ZTU 

y  =  /zTu 

is  a  set  of  Integrals  giving  y. 

If  we  have  solved  for  Z  such  that  at  some  time  T  all  values  of  Z  are  zero  except  for  zK,  then  y(T)  -  XK(T), 
Solution  for  Z 

The  differential  equations  defining  Z 

zT  +  zta  =  o 

which  might  alao  be  written 

z  =  -atz 


A 


are  to  be  solved  for  boundary  conditions  defined  at  some  future  time,  T.  Let  us,  therefore,  start  the 
system  with  these  conditions  and  solve  backward  in  time  by  changing  the  independent  variable  from  t  to 
t'  =  T-t. 


Comparing  the  diagrams  of  this  equation  with  that  of  the  equation  in  X,  it  may  be  noticed 
that,  apart  from  the  deletion  of  the  inputs  U,  the  transposition  of  A  changes  aij  from  being  the  gain  of 
the  connection  between  the  output  of  the  jth  integrator  and  the  input  of  the  ith  integrator  to  being  the  gain 
between  the  output  of  the  ith  integrator  and  the  input  of  the  jth  integrator. 

The  diagram  of  the  differential  system  describing  X  may,  therefore,  be  changed  to  that 
describing  Z  by  deleting  all  external  inputs  and  reversing  all  integrators. 

The  components  of  Z  are  referred  to  most  commonly  as  adjoint  solutions,  sensitivity 
coefficients,  convolution  kernels,  Green's  functions,  or  canonical  conjugates  of  X,  depending  on  the 
use  and  the  user. 

INTERCEPT  ADJOINT  FUNCTIONS 

To  describe  the  guidance  loop,  where  acceleration  normal  to  t,.  .ine  of  sight  is  commanded 
to  be  some  function  of  the  line  of  sight  rate,  consider  the  relationships  already  discovered: 


M  *  U(tj-t) 

s  =  - - — 2 

-R(tttr 
U  =  F(s)  i 

where  F(a)  includes  missile  filter  and  guidance  gain,'  Choosing  our  unit  of  length  to  be  -R,  to  simplify, 
the  system  Is  represented  as 


If  F(s)  is  assumed  to  have  constant  coefficients,  the  adjoint  ByBtam  that  yields  the  convolu¬ 
tion  kernel  giving  the  miss  generated  by  information  noise  and  target  acceleration  is 


*Ma 


The  equation  described  by  the  diagram 

d  /  M\  M 
dt  '  Ft  /  ‘ 


may  be  expanded  to 


_1  d  /  M\  M  M, 

t  3t  \F  )  ‘  F(.2  '  "“2 


which  may  be  rearranged  as 
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In  the  Laplace  transform  convention,  this  becomes 
.  sM  M  . . 

‘TO'FW  -  'M 


which  develops  into 


_d  sM  M 
5s  FIsT  '  F(s) 


which  solves  to 


M(s)  = 


F<»>  [/  ^ 


Particular  Cases 

1.  Simple  Lag  Representation  of  Missile 

F<*>  =  T+T 


M(s)  = 


e,  g.  i  for  X  =  3 


+  M.' 


2,  Critically  Damped  Second-Order  Missile 


F(s)  =  — ^~2 

(s+ir 


-  aX"Z  «  +  l 

M  ‘  i  ,,A+2 

(s+D 


which  may  be  solved  as  a  series  of  integrals  of 

cos  h  2Xt 
t 

multiplied  by  e"*. 

3,  Constant  True  Bearing  or  Propellant  Utilization 

f(»)  -  Mspi 


M(s)  =  XsK'3  (s+  1)  e  * 


For  integral  values  of  X,  this  represents  the  function: 


r^-2  „x-i 


For  half  integral  values  of  X ,  it  represents  the  function: 


'  X-2.5  .X-1.51 

=  K  — -  -j  r  + TTT  7  C0B  2 

M<  dtK'2'  5  dtK_1-5  -Jt 


3. 


Other  Error  Sensitivities  of  a  First-Order  Missile 

1.  Angle  Rate  Error 

A»  previously  derived,  the  miss  of  a  proportional  navigation  system  Involving  a  first-order 
missile,  due  to  an  impulse  of  line  of  sight  rate,  at  time  t,  is 

which  is  the  inverse  Laplace  transform  of 


L  M ' 

2.  Angle  Error 

An  angle  error  is  differentiated  to  obtain  the  angle  rate  error;  therefore,  we  obtain  the 
relationship: 

=  Si*  Mi 


L  [♦-.] 


\s 


<•  +  1) 


X.+  1 


3.  Target  Maneuver 


Referring  back  to  the  adjoint  diagram,  we  notice 


*Ma  =  *»*m; 

Therefore 

L  M  =  VTl)* 


4.  Initial  Heading  Error 

A  unit  impulse  of  target  acceleration  generates  a  unit  of  crossing  velocity,  which  would 
result  in  a  miss  of  (t{  -  t0)  if  no  action  were  taken.  The  effect  is  the  same  as  an  initial  unit-heading 
error;  therefore: 


-  ILld, 

“  T  *M» 


The  following  table  presents  results  of  applying  some  of  the  above  functions. 


ADJOINT  FUNCTIONS  (ERROR  SENSITIVITIES) 

OF  A  PROPORTIONAL  NAVIGATION  SYSTEM  INCLUDING  A  FIRST-ORDER  LAG 


*M<  <a  +  l)X+1 


-Rt(t-2T)e 


.  *  .1 

Rt(t2  -6tT  +  6TZ)a  ^  -Rt(t3-12t2T+36tT2-24T3)e  T 


{g  +  1)X+l 


Rt2  a  T 


_  t 

-Rt2(t-  3T)  e  T 


Rt2  ( t2  -  8tT  +  12T2)  e  T 


M*  (a  +  l)x 


-t  (t  -  2T)  e 


t(t2  -6t-  T  +  6T2)e 


Miaa  due  to; 


Step  rate  error  -|[zT2.(t2+2tT+2T2)e 


_t 

-Rt3  (t-4T)  e  T 
6T3 


Maximum  / 
value  y 


0.  67RT 


0.  36RT 


Cpplied  at  t  a 


Random  angle 


kVTRTT 


3RnTHT 

4  \rZ 


ksITWr 


0.  56W 


1.08W 

/"T 


Acceleration 


(target 

maneuver  or  2 

autopilot  biaa)  aT 


((**«•'*->) 


{.<2.T 


at“(t-  3T)e 


Maximum 

value 


0.  27  aT 


0.  13  aT 


Applied  at  t 


Initial  heading  Rte 
error 


Maximum 

value 


0.  37  RT  (yQ  -  «Q) 


jf  t  (t-  2T)  e 


0.21  RT  (Vo  -  ,Q) 


-Kt  (t2  -6tT+6TZ)  e  T 
6TZ 


0.  17  RT  <v0  -  «D) 


If  guidance 
initiation  at 


0.  41T 


N  =  Power  apectral  density  per  cpa. 

W  =  Effective  width  of  target. 

T  =  Lumped  miaaile  and  filter  time  conatanta. 
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SUMMARY 


The  procedure  for  optimizing  a  linear  ayitem  againat  a  quadratic  coat  function  ia  developed 
by  the  method  of  completing  a  aquare.  The  optimal  intercept  guidance  law  againat  a  nonmaneuvering 
target  when  the  coat  ia  energy  loat  to  drag  ia  ahown  to  be  proportional  navigation  with  a  gain  of  3, 

QUADRATIC  COST  MINIMUM 

The  coat  of  an  interceptor  mlaaile  la,  to  a  conaiderable  degree,  aaaoclated  with  ita  weight. 
The  greater  part  of  the  ayatem  expenaea  in  effort,  equipment,  and  riak  of  life  ia  expended  in  delivery  to 
the  point  of  launch  ao  that  the  amaller  and  lighter  the  vehicle,  the  more  can  be  launched  for  the  aame 
coat  (aeaumlng,  of  couree,  equal  reliability  and  effectlveneaa), 

The  weight  of  an  interceptor  miaaile  and,  therefore,  ita  coat  ia  dependent  on  the  aize  of  the 
warhead  it  la  required  to  deliver  and  the  amount  of  propellant  required  to  effect  ita  delivery  to  the  tar¬ 
get.  The  aize  of  warhead  required  ia  proportional  to  the  aquare  of  the  expected  mlaa  while  the  amount 
of  propellant  muat  be  aufficient  to  accelerate  the  vehicle  to  an  acceptable  cloelng  velocity  and  make  up 
the  velocity  loat  to  aerodynamic  drag.  The  coat  chargeable  to  the  guidance  ayatem  deaigner  la,  there¬ 
fore,  proportional  to  the  aquare  of  the  final  miaa  plua  the  integral  of  that  part  of  the  aerodynamic  drag 
reaulting  from  guidance  maneuvera. 

To  etate  thla  coat  in  the  form  of  an  equation,  let  ua  define  aome  reaaonable  deacriptora  of 
the  intercept  geometry: 


I 


where 

T  la  a  target 
I  la  an  Interceptor 

V  ia  the  velocity  of  I  relative  to  T 
Line  IT  ia  line  of  eight  (LOS) 

The  coordinate  ayatem  (R,  X)  ia  aet  up  ao  that  the  initial  value  of  x  ia  email 

V  =  -R 

Defining  t^  aa  the  time  at  which  R  goea  to  zero  aaauming  V  to  be  constant,  we  get 
R  =  V  (tt  -  t) 

M  =  x  +  Jt  (tj  -  t) 

M  =  ii(tj-t) 


1.  e.  ,  miaa  can  be  reduced  by  application  of  acceleration. 
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«  is  a  small  angle  «■ 


•  x  xR 


X (tt  -  t)  +  X 
V(ttt)2 


=  M 

=  v(trt)2 


1.  e.  ,  i  give*  a  meaaure  of  the  present  predicted  mtM,  and  acceleration  U  =  x  normal  to  IT  provldea  a 
mean*  of  reducing  It, 

Remembering  that  aerodynamic  drag  haa  a  component  that  la  proportional  to  the  square  of 
the  lift  acceleration  U,  It  la  now  poaeible  to  mathematically  expreaa  the  coat  attributable  to  guidance- 
commanded  maneuvera: 


J  =  +  /  K2X‘dt 


J  =  K|M(t^)  +  f  KgU  dt 


Considering  that  the  flret  part  of  the  expression  looks  like  the  terminal  value  of  an  integral, 


/•  i 

J  J  [p(t)M2(t)]  dt 

t 

o 


with 

P(*i>  =  «2 

and 

|-[PM2]  r  PM2  +  2PMM  =  PM2  +  2PMU(tt-t) 

and  wishing  to  bring  Into  coneideration  the  second  part  of  the  coat  function,  we  first  add,  and  then  sub¬ 
tract,  the  integrand  from  the  above: 


^PM2  =  PM2  +  2PMu(t1-t)  +  K2u2  -  K2u2 


This  may  be  rewritten  as 


d 

Tt 


PM 


PM(tj-t) 


|2 


+  K2u 


K2u 


2 


provided 


i.  e. , 
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dP  'V 


1  (‘j-t) 

4  ■  --S— +  c 

Knowing  that 


p<tt)  =  kl 


the  solution  to  the  equation  may  then  be  restated  as 


K1  3K2 


Placing  this  value  o f  P  into  the  integral,  we  obtain 


I  It  M  dt  =  I r2  J  k2u  •  k2  /  u2 


KjM^(tj)  ■  P(tQ)M2(to) 


Rearranging  terms,  we  get 


A  *1  2 

2J  uZ  =  P(to)MZ(to)  +  Kz  J'  rPM(trt)  +  K2ul 

t  t  *•  J 


We  thus  obtain  a  new  expression  for  the  cost.  The  first  term  is  established  at  t0  as  being 
the  minimal  cost..  The  integral,  having  a  non-negative  integrand,  has  a  minimum  possible  value  of 
zero,  which  may  be  achieved  by  holding  the  integrand  equal  to  zero; 

PMItj-t) 


Considering  that  Ki,  the  cost  of  warhead,  is  much  greater  than  K2,  and  that  the  cost  of  maneuver  when 
(tj-t)  is  small  may  be  ignored,  it  is  possible  to  closely  approximate  P: 

3K2 

p  -  7vfr3 

The  optimum  maneuver  can  be  represented  by 


-3V« 
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GENERAL  CASE 

Given  a  system  defined  by  x  =  Ax  4  Bu  and  a  quadratic  coat  function 


J  =  xTPx(t1)  4  /  xTQx  4  uTRu, 


we  deelred  to  find  the  action  u,  which  minimises  the  coat. 

If  we  consider  the  nonintegral  term  to  be  the  terminal  value  of  an  integral,  the  equation  is 


J  [xTPx]  dt  =  J xTPx  4  x^Px  4  xTPx 


=  /  xTPx  4  xTATPx  4  uTBTPx  4  xXPAx 
4  xTPBu  4  xTQx  4  uTRu  -  xTQx  -  uTRu 


which  may  be  written 


xTPx]  =  /  (R'1BTPx  4  u)  TR(R'1BTPx  4  u)  -  J  xTQx  4  u1 


Ru 


provided 


PBR‘1BTP  =  P  4  ATP  4  PA  4  Q 


which  may  be  written  as 


-P  =  ATP  4  PA  4  Q  -  PBR'^P 


(the  Ricattl  equation  encountered  in  filter  design). 
The  cost  function  Is  represented  by 


J  =  XTPx(tl)  4  J  xTQx  4  uTRu 

=  xTPx(to)  4  /( R_1BTPx  4  u)  Tr(r-1bTPx  4  u) 


Because  the’constant  term  is  established  at  t0,  the  cost  of  guidance  is  felt  only  in  the  integral,  which 
may  be  reduced  to  its  minimum,  0,  by  making 


u  = 


-R'lBTPX 
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SUMMARY 


The  Kalman  filter  la  developed  a«  a  rational  application  of  Cause1  method  of  least-mean- 
square  error  summing,  which  adds  together  independent  measurements  and  estimates  proportionally  to 
the  inverse  of  the  variances  of  expected  errors.  The  discrete  measurement  summer  is  developed  into 
the  continuous  filter  by  shortening  the  time  between  measurements. 

FILTER  DESIGN 

The  decision  to  apply  a  filter  to  a  data  source  must  be  based  upon  a  knowledge  that  the  data 
cannot  be  accepted  as  a  true  and  exact  measure  of  the  system  being  observed.  Implicit  in  the  decision, 
therefore,  is  information  about  the  system  in  addition  to  that  contained  in  the  data. 

The  deelgn  of  the  filter,  then,  is  based  on  the  question  of  how  best  to  combine  the  information 
content  of  the  observations  with  the  a  priori  information  on  how  the  system  should  behave. 

Gaussian  Summing 

Given  two  sources  of  data  on  a  given  quantity  X,  each  containing  some  expected  error,  the 
data  may  be  weighted  separately  and  added  together: 


Since  the  required  output  is  X,  we  choose  W ^  +  W2  =  1,  denoting 

Wj  =  W 

w2  =  1  -  W 

The  diagram  may  be  rearranged  as 


If  Nj  and  N2  are  uncorrelated,  they  may  be  considered  as  vector  quantities  at  right  angles: 
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N  will  be  minimal  if  W  is  chosen  to  make  N  perpendicular  to  Nj  -  Nj,  in  which  case  we  get 


W(Nt  -  N2) 


N1  -n2 


W 


N2  N2 

<NX  -  *2)*  '  N fTiif 


2  2  2  2 

Since  the  expected  values  of  Nx  +  Nj  are  c-j  and  C2>  the  best  choice  of  W  is 


W 


ffl  +  *2 


KALMAN  FILTER 

A  measurement  on  a  system  is  a  measurement  of  some,  all,  or  combinations  of  the  compo¬ 
nents  of  the  state  vector  plus  errors! 

D  =  HX  +  N, 

The  a  priori  knowledge  of  the  state  of  the  system  may  be  considered  as  stored  in  an  analog  simulation  of 
the  system; 


Inputs,  U  +  N2  j 

£  =  X  +«  I 

m 

HX  +  H< 

p— L 

E] — 1 

uu 

We  now  have  a  set  of  readings  and  a  set  of  values  of  what  we  think  these  readings  should  be. 
These  can  be  summed  by  Gauss'  criterion  to  get  the  best  combined  estimate  of  the  measured  quantities: 


(Gauss'  summation  criterion) 

2 

Where  the  system  state  is  an  array  of  variables  (state  vector),  tr  represents  the  expected 
mean  products  of  all  components  with  all  components: 

2  ~  T’ T  ,, — T  „T 

<r  2  =  H  <  i  H  s  Hi<  H 

where 


*11  ff12  17  In 

a21  ff22 

17  nl  Jnn 

2  T 

which  is  ca’led  the  covariance  matrix  P.  ej  Is  a  similar  matrix  of  averaged  products  NjNi*  c  R 


Applying  Gauss'  criterion  to  the  summing  of  the  measured  and  known  state  of  a  system  pro 
ceeds  as  follows; 


The  complete  data  summing  system  may  be  pictured  as 


which  may  be  rearranged  as 


HX  +  N, 
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If  the  output  of  the  H  multiplier  ie  the  beet  possible  estimate  of  HX,  the  input  must  be  the  best  estimate 
of  X,  Let  us,  therefore,  replace  the  state  of  the  estimator  with  this  value: 

X  =  X  +  W(Y  -  HX) 

Our  diagram  now  becomes 


where 


and 


X  =  X  +  N2  +  W  (Nt  -  HN2) 

=  X  +  N1 

N1  =  WNt  +  (1  -  WH)NZ 

P'  =  N1  =  W  Nj  WT  +  (1  -  WH)  N2  (1  -  WH)T 

=  (1  -  WH)  n|  -  n|  HTWT  +  WH  N2  HTWT  +  W  Nj  WT 

W(H  N2  HT  +  Nj  WT 
n|  HT  WT 

=  (1  -  WH)  P 

AT 

If,  between  samples,  the  state  vector  changes  from  X  to  0X,  where  0  =  e  ,  then 


x  =  eX 

n+l 


**/ 


t+AT 


NZ  ■  0<Xn  +  N2,n>+AN2 


Pn+1  =  ePneT  +  C  =  G  t1  •  WH]  Pn°T  +  C 


Summary 


Pn  is  the  matrix  of  correlations  of  estimation  uncertainties  of  the  components  of  the  system 
state,  Rn  is  the  matrix  of  correlations  of  expected  measurement  errors, 

The  weighting  to  be  given  the  difference  between  a  measurement  and  the  expected  value  of 
the  measurement  is 


W 


P  H 
n 


[Vn  +  HPnHT  j 


-1 
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Pn+l  =  e  (!  -  WH>  pn°  +  c 

'where  8  l»  the  matrix  defining  the  expected  evolution  of  the  Bystem  between  meaoui  ementa,  and  C  is  the 
expected  increase  in  P  due  to  error  in  the  model, 

CONTINUOUS  FILTERING 

Aa  the  sampling  period  approaches  zero,  the  covariance  matrix  P.  approaches  a  continuous 
function  of  time,  and  the  above  iterative  processes  approach  the  differential  equations  defining  it.  If  the 
error  on  the  reading  R  is  considered  to  be  the  result  of  a  white  noise  that  has  been  filtered  over  the 
sampling  time  T,  then  R  is  inversely  proportional  to  T: 

R 

i,  e.  ,  R  =  -yf- 

If  the  model  error  is  considered  to  be  the  result  of  a  white  noise  on  the  integrator  inputs  and 
if  T  is  considerably  smaller  than  any  time  constant  of  the  model,  the  increase  in  P  due  to  the  noise  over 
one  sampling  period  T  Is  proportional  to  T; 

i.  e.  ,  APn  =  CT 
If  we  let  T  -♦  0,  then 


W  ^  PHT  Tr  4  HPHT]  1  -  PHTR  ‘ 1 T 

u  J  O 


e  =  eAT  -  1  +  AT 


p  +  ap  =  e  [l  -  wh]  PeT  +  apn 

-  [i  +  at]  [p  -  WHp]  [l  4  ATt]  4  CT 


-  P  4  APT  4  PATT  -  PHTR  ' 1  HPT  4  CT 

o 


which  can  be  rearranged  as 


AP  — •  AP  4  PAT  -  PHTR  *  *  HP  4  CT 
o 


—  -  P  =  AP  4  PAT  -  PHTR  HP  4  C 

I  O 


This  equation  is  called  a  Rlcatti  equation,  and  is  solved  to  give  P,  which  in  turn,  gives  the  optimal 
weighting  coefficients  W  =  PHTr-1  T. 

The  correction  to  the  estimate  W  [M  -  HX]  may  be  added  to  the  estimate  in  the  Infinitesimal 
time  T  by  placing  it  continuously  on  the  Inputs  to  the  integrators  with  a  gain  1/T.  The  diagram  of  the 
continuous  filter  is  then 


HX  4  Noise 


H 
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SOLVING  RICATTI'S  EQUATION 

The  equation  P  =  AP  +  PAT  -  PHTR0HP  +  C  may  be  reduced  to  a  form  more  amenable  to 
eolution  by  introducing  aa-yet-undefined  matrices  Z  and  Y: 

Z  =  PY 

±  =  py  +  P\ 

=  PY  +  APY  +  PATY  -  PH^Rj1  HPY  +  CY 

-  P  Y  +  ATY  -  HZ  +  AZ  +  CY 

Equating  the  expression  in  parentheses  to  zero  results  in  two  equations) 

Z  =  AZ  +  CY 

Y  =  ATY  +  HTR0*1HZ 
which,  when  solved,  yield 


P 


ZY 


1 
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SUMMARY 


A  review  i»  given  of  the  quantitative  advantages  and  di « advent age u  of  digital  and  analogue 
oomptrter  techniques  for  tba  alaulatloa  of  alaallo  guidano*  and  oontrol,  and  a  methodology  of  using  hybrid 
simulation  la  developed.  It  la  show  how  a  hybrid  ooaputar  can  ba  uaad  to  aid  tha  choice  of  an  acceptable 
alaaila  ayataa  within  a  aids  apaotrua  of  oomplexity,  particularly  whan  a any  non-linaar  factors  and 
atatlatloal  aspsets  aro  Involved.  Using  this  faeillty,  aathaaatical  aodalling  not  only  helps  spaoiflc 
projects  In  their  RAD  phase*,  but  it  can  contribute  to  sanagaaant  decisions  in  fasslbllity  studies,  eg 
In  the  choice  of  alsslle  instrument  ooabinatlona  and  in  tha  spaolfloatlon  of  their  desired  standard  of 
perforaanoe.  It  oan  also  safeguard  against  ooaplex  aystans  being  over-designed  to  tha  detriaent  of 
their  ooet. 


1.  INTRODUCTION 

It  has  been  the  practice  for  nany  years  to  aiaulate  ecaplax  prooeases  whioh  are  not  easily 
aaanable  to  analytic  solutions.  Sapealally  in  the  aaro-spaoe  field,  tha  uaa  of  slaulators  has  uom  beooae 
widespread.  They  are  indispensable  tools  of  research,  both  aa  hardware  alaulatlon  faoilltiaa,  eg  in 
aircraft  flight  eiaulatora,  or  aa  ooaputar  alaulations  in  theoretical  ayataaa  etudlea,  ag  in  nlaaila  daeign 
work.  Simulation  etudlea  cf  the  latter  type,  using  sathsnatloal  node  la,  are  the  subject  of  thla  review. 

They  are  normally  used  throughout  the  whole  range  of  aerospace  industry  where  dynamic  problem  involving 
large  numbers  of  parameters  have  to  be  aolvsd.  Right  at  the  atart  of  a  new  ooncept,  simple  studies  are 
oarried  out  using  oomputsr  simulation  technique*  in  ordsr  to  sstablish  tho  fsasibility  of  the  idea.  During 
the  development  phase  these  studies  require  nors  sophisticated  simulations  in  ordsr  to  investigate  and 
olarify  ths  eo-oalled  ’grey  areas'  so  that  nanagsnsnts  oan  make  decisions.  Later,  in  the  production  phase, 
and  test  periods  of  ths  completed  product,  the  simulator  is  used  to  aasiat  in  the  final  assessment  of  the 
devloe,  examining,  for  instance,  the  reliability  aapeeta  in  tha  presenoe  of  environmental  disturbances  and 
engineering  tolerances.  The  use  and  evaluation  of  atatlatloal  methods  constitute  an  important  part  of  any 
investigation.  In  syateme  of  this  kind  ths  inherent  noise  of  ths  system,  mainly  ooming  from  the  sensors, 
gives  rise  to  inaoouraoies.  Problems  of  this  nature  require  statistical  treatments  and  therefore  a  high 
number  of  runs.  A  mathematical  model,  therefore,  oan  be  used  with  great  advantage  as  an  aid  to  understanding 
a  complex  dynamical  eyatem.  Ouided  missile  syateme,  in  particular,  oan  be  studied,  evaluated  end  developed 
in  this  manner. 

This  paper  is  aimed,  therefore,  at  highlighting  modem  techniques  of  numerical  analysis  and 
oomputsr  simulation,  when  applied  to  the  research  and  development  of  taotioal  missiles.  It  oomparss  current 
techniques  of  digital  and  analogue  oomputsr  simulations  on  a  quantitative  bsais,  and  develops  a  methodology 
of  using  hybrid  (is  digital/ analogue)  computers  whioh  oen  combine  the  benefits  of  both  these  separate 
approaches.  It  Is  also  shown  how  hybrid  oomputsr  simulation  aids  ths  parallel  development  of  new  hardware. 

An  example  ia  given  of  a  laaar  guided  missile  study  in  an  airwto-ground  mode,  showing  how  einple  guldanoa 
and  oontrol  factors  oen  be  assessed  aoooidlng  to  their  contributing  effects. 

2.  NOBEL  OONPLEQTT 

The  degree  of  complexity  in  a  matheaatical  nodal  of  a  missile  system  depends  on  ths  stage  of 
development  of  the  project.  In  pilot  studies,  for  example,  a  very  simplified  model  may  be  aooeptable, 
taking  into  eooount  only  the  most  relevant  parameters.  In  some  of  these  circumstances,  and  at  a  very  early 
stage,  analytical  solutions  may  be  aooeptable  and  may  be  obtained  fairly  oheaply.  At  the  other  extreme, 
however,  eg  in  flight  trial*  analysis  or  at  the  Service  acoeptanoe  stage,  a  complex  mathematical  model 
using  realistic  representations  of  eaoh  of  the  subsystems  Involved  is  usually  neceeeary  for  a  more  detailed 
unde rat ending  of  the  performance  of  the  missile.  The  ooet  of  evaluating  this  performance  by  mean*  of  a 
mathematical  model  generally  increases  rapidly  with  the  model  complexity.  The  two  extras**  therefore 
require  different  methodologies.  Neither  or  these  extremes  are  considered  here,  however,  but  rather  an 
i*-b*tw**n  modelling  technique  associated  with  either  feasibility  etudlea  or  the  research  and  development 
phase  of  a  missile  project.  In  thee*  stages  the  missile  designer  deeiree  to  make  the  best  use  of  hi* 
oomputsr  facilities  in  order  to  aid  him  with  oritloal  decisions  such  as  the  choice  of  equipment  and  its 
quality,  and  the  selection  of  good  nlasil*  design  characteristics,  eto.  Numerical  solution*  of  a 
comprehensive  mathematical  model  of  the  system  oan  help  him  with  thee*  deoisions.  Basically  two  methods 
of  simulation  are  available,  digital  or  analogue  oomputlng,  but  they  have  different  advantages  and 
dieadvantages  when  oonsidered  for  this  task.  Digital  oomputere  oan  provide,  inter  alia,  good  accuracy, 
whereas  analogue  computers  are  easier  to  programme,  but  eaoh  have  different  time  eoalee  and  running  costa 
depending  on  the  number*  of  runs  eventually  required.  These  aspects  are  oovered  in  more  detail  below. 

There  are  also  other  factors  having  an  impact  on  computer  requirements.  Tor  example,  there  is  an 
increasing  emphasis  on  providing  oheaper  misell*  system*  to  meet  future  operational  requirement*.  This 
leads  to  considerations  of  sub-optimal  designs  and  slaplsr  guidance  and  oontrol  systems.  Sub-optimal 
considerations  deaand  the  study  of  a  wide  spectrum  of  solutions.  This  might  impose  e  penalty  because  both 
the  number  of  mathematical  models  required  inoreaaes  and,  by  neoeeelty,  the  quantity  of  numerical  solutions. 
Simple  devices  can  also  lead  to  a  greater  oomputlng  complexity,  beoaus*  a  system  which  has  become  "simple" 


toy  ingenious  engineering  may  to*  box*  difficult  to  descrito#  la  mathematical  terms.  Typical  examples  or*  a 
bang-tang  oontrol  oompared  with  a  proportional  control  or  complex  croam-ooupllng  phenomenon  often  act  with 
In  alapla  systems.  A  linaar  dynamical  ayataa  of  high  order  oaa  toe  represented  by  a  straightforward 
differential  equation!  hut  two  or  aore  non-linear  factors  in  a  eyatwa  soon  require  evaluation  by  numerical 
analysis  and  siaulation.  the  tendency  is,  therefore,  toward*  greater  aatheaatloal  complexity,  even  when 
considering  staple  non-linear,  or  suh-optinal  devioes  separately,  A  ooahined  requireaent  for  euh-optlaal 
solutions  of  noiwlinear  systeas  e zeroises  an  even  nor*  stringent  aethodologioal  requireaent  on  the 
evaluation  of  future  aatheaatloal  aodels.  It  will  he  shown  that  neither  analogue  nor  digital  slaulattons 
alone  can  aeet  this  requireaent  sinoe  eaoh  siaulation  has  a  Halted  capability,  either  in  degree  of 
representation,  accuracy  or  running  tiae.  At  this  stag*  the  need  for  hybrid  siaulation  techniques 
therefore  begins  to  arise,  but  let  us  look  first  of  all  at  the  two  separate  approaches  in  aore  dstail, 

3.  COMPUTER  TOOLS 

Ths  following  art  a  cbm  of  ths  advsntagss  and  dlsadvantagas  of  aaalogua  sad  digital  ooaputara. 

3.1  Analogue  Coaputsrs 

Advantages 

n)  The  natheaatlcal  nodal  le  easy  to  eat  up,  eepeelally  for  non-linesr  eyetoaa, 

b)  Design  changes  are  very  sisple  to  execute  by  switching  to  alternative  analogue  circuits. 

o)  Separata  blocks  in  ths  simulation  ana  ba  developed  to  any  desired  degree  of  sophistication. 

d)  It  le  easy  to  oheck  eonpoaant  performance  by  theoretical  analysis. 

e)  Fast  running  times  of  up  to  lOOil  on  real  tine  are  possible. 

f)  Hardware  inclusion  is  posslbls  and  modal  natohlng  ia  relatively  easy. 

Disadvantages 

s)  Ths  change  of  parsneter  value*  takes  tine,  and  eaoh  tins  a  ohange  takas  plsoe  ths 
dal  dilation  should  be  checked. 

b)  Ths  snalogue  oomputer  has  limited  accuracy  within  tha  specified  coaling  of  the  problem, 
o)  The  oomputer  is  subject  to  drifts, 

3*2  Digital  Computers 
Advantagms 

a)  Almost  any  desired  eooumey  can  be  obtslnad,  drift  free,  provided  that  tha  oorreot  word 
length  1*  chosen  end  computing  time  la  not  at  a  premium. 

b)  Parameter  changes  oan  be  programmed  easily  for  extensive  numbers  of  runs. 

o)  Simulation  languages  have  been  developed  so  a*  to  make  programming  easy  and  quick  to  develop. 

Disadvantages 

a)  It  oan  ba  difficult  to  change  a  digital  programme  to  incorporate  design  changes.  Programme 
changes  are  also  neoeaaaiy  if  extra  print-outa  are  required  to  give  further  insight. 

b)  Step  lengths  of  integration  processes  have  to  be  reduced  in  stages  until  an  aooeptsble 
repeatability  ia  obtained  before  production  rune  are  possible. 

o)  The  step  length  ohanges  of  (b)  are  neoeeeary  every  time  a  parameter  value  ie  changed, 
d)  Multiple  discontinuities  and  non-linear  aspect*  arc  diffioult  to  programme. 

*)  Existing  simulation  languages  oan  introduo*  hidden  inacoursoies  which  are  diffioult  to 
traos  whan  diaoontinultisa  have  to  b*  simulated. 

f)  Extensive  simulation  programme*  have  long  running  times  and  are  therefore  oostly  to  run. 

3.3  Comparison  between  Digital  and  Analogue  Simulation 

Let  us  now  oompare  the  relative  ooete  of  analogue  and  digital  aiaulation.  Figure  1 
shows  diagramatloally  how  the  ooete  of  simulating  a  typical  missile  system  vary  aooording  to  the 
number  of  oomputer  runs.  Digital  programming  is  generally  oheaper  and  quioker  to  develop 
than  analogue  programmes  (eg  typioally  1  men,  3  month*,  £1500  digitally,  compared  with  2  men, 

6  months,  £6000,  for  an  analogue  appro*oh|  thee*  figures  constitute  the  starting  numbers  on 
Fig  1),  For  large  numbers  of  runs  analogue  simulation  ie  favoured  beoause  the  faster  running 
capability  makes  tha  oost  per  run  nearly  negligible.  The  ratio  of  running  ooete,  or  the  elopes 
of  the  curves,  is  of  the  order  of  5°0i 1  in  favour  of  analogue  modelling,  using  figures  of 
£30/hr,  3  runa/hr  which  give  £10  per  digital  run,  and  £60/hr,  3000  runs/hr  which  give  £0.02 

per  analogue  run.  In  the  chosen  example  the  cron -over  occur*  at  about  4-500  run*. 
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?l(i  l  COMPARATIVE  COSTS  OT  SIMUUTIOV  v.  Ik  Of  RUNS 


A*  listed  opposite,  the  development  of  digital 
simulation  language*  ha*  Bad*  progremm lng  essier, 
but  lnaoouraoi**  can  be  introduced  by  using  integration 
routines  with  fixed  step  lengths  for  the  niaulation  of 
systena  with  discontinuities  present.  The  oanpatetion 
oen  be  node  accurate  by  varying  the  step  lengths  end 
ahsnginf  the  independent  variable  to  ensure  that  any 
discontinuities  occur  at  the  beginning  of  a  step. 

The  ns*  of  longer  word  lengths  also  Increases  digital 
accuracy.  These  techniques,  however,  tend  to  ache 
the  pmgreaniTig  nore  difficult,  and  this  defeats  the 
objective  of  modern  slaulaticn  languages  which  are 
intended  to  aalca  digital  progressing  easy  aad  cheaper. 
Analogue  simulations  alone  have  the  advantage  of 
seating  the  requirement  for  inoreased  output  of 
ooaputar  runs,  but  they  have  all  the  disadvantages 
listed  earlier,  particularly  reduoed  accuracy  end 
long  tinea  for  parsmstsr  changes.  Hybrid  computation 
enables  both  of  these  diffioultlae  to  be  overcome  by 
means  of  accurate  digital  computation  where  required, 
end  digital  ooatrol  of  analogue  changes.  Before 
carrying  the  argument  further  it  would  he  advisable 
to  ooneldar  the  overall  advantegae  aad  disadvantagae 
of  hybrid  computers  whsn  used  for  simulation  purposes. 


3<4  Hybrid  Computers 

Advantages 

a)  All  the  above  advantage*  in  3.1  of  analogue  computation,  are  available  in  a  hybrid  oomputer, 
together  with!- 

b)  Inoreased  Modelling  aoouracy,  where  necessary,  by  Mans  of  digital  computation. 

o)  Parameter  changes  can  be  programmed  as  in  purely  digital  simulations. 

d)  Statistical  analyses  of  answers  can  proceed  digitally  for  the  reduction  of  large  numbers 
of  quantitative  results. 

s)  Subsystems  oan  be  allocated  to  either  digital  or  analogue  computation  according  to 
preference,  suitability  or  applicability. 

Disadvantagae 

a)  Inoreased  oomplexity  of  developing  a  hybrid  oomputer  nodal  implies  longer  development  times. 

b)  Specialised  progratasing  staff  are  also  required  for  efficient  hybrid  operation. 

o)  Analogue  component!  are  still  subject  to  computational  drifts,  but  statistical  techniques 
oen  be  used  (i)  to  detect  then  and  (li)  to  evaluate  the  significance  of  differences  between 
subsystem  in  the  preaeno*  of  residual  eeaputlng  Inaccuracies. 

It  oan  be  envisaged  that  the  disadvantages  as  listed  will  baoone  less  important  In  the 
future.  The  increased  development  time  will  be  reduoed  by  software  developments  already  under 
consideration,  and  the  increasing  use  of  hybrid  computers  will  ameliorate  the  staffing  difficulty 
mentioned  under  item  (b).  In  our  experience  the  advantages  outweigh  the  disadvantages  heavily, 
even  at  this  stag*  of  usage. 

4.  VALIDATION 

4.1  Matching  with  Current  aystess 

Many  engineers  end  managers  are  justifiably  suspieiouu  of  the  usage  of  extensive 
mathematical  models,  mo  it  la  neoeseary  to  build  up  a  working  oonfldenee  that  the  model*  are  truly 
representative.  Strictly  speaking  a  mathematical  model,  which  in  the  first  plaos  was  set  up  to 
give  answers  to  problems  not  amenable  to  be  solved  by  any  other  method  (eg  aaalytloal) ,  has  no 
yardstick  by  which  it  oan  be  checked.  Otherwise  this  yardstick  would  have  been  used  in  the  first 
place  for  the  study.  To  model,  on  the  other  hand,  every  detail  of  a  oomplex  machine  ia  a 
superhuman  task  and  oould  he  uneconomical.  Certain  assumptions,  simplifications  end  abstractions 
have  to  be  made,  therefore,  in  writing  the  programme.  The  question  arises  am  to  how  adequate  the 
mathematical  model  la  for  the  purpose  of  the  envisaged  study  and  its  objectives.  The  user  should 
be  aware,  therefore,  of  the  limitations  of  his  model,  but  nevertheless  have  sufficient  oonfideno* 
in  It.  The  pro eve*  of  establishing  thi*  high  level  of  oonfideno*  is  referred  to  as  model 
validation.  It  is  most  important  that  any  nodal  is  aooeptably  validated  before  it  ie  used  as  a 
management  tool.  There  are  a  number  of  methods  of  carrying  out  this  validation  proosss  up  to  a 
oertain  degree.  The  model  might,  for  example,  be  matched  with  test  flight  results  of  ourrent 
missile  eyetems.  Alternatively  physical  laboratory  experiments  sight  be  conceived  which  are 
themselves  models  of  the  real  world  but  whloh  are  the  nearest  accessible  physical  representations. 
Model  calculation*  oan  also  be  cheoked  out  by  analytical  solutions  If  euitsbl*  simplification* 
oen  be  made.  On*  of  the  most  Important  methods  of  validating  a  model  is  by  relating  it  to  current 
hardware  development*,  even  to  the  extent  of  including  a  hardware  eubayetes  in  the  simulation 
itself. 
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4.2  Hardware  Inclusion 


Th*  Inclusion  of  now  hardware  developments  in  hybrid  simulation*  eervei  four  purpoooo 
(a)  -to  verify  parts  of  tho  nodal,  (b)  to  hslp  tha  design  anginas r  to  sales  ooaponant  laiprovnai.it a 
early  in  tha  development  period,  (e)  to  obtain  an  indication  of  tha  rslativs  asrlts  of  various 
hards  ara  designs  and  (d)  to  highlight  in  port  ant  factor*,  introduced  hjr  tha  individual  davioae, 
uhl eh  significantly  effect  the  parformeuo*.  When  this  la  done,  however,  tha  ooaputatlona  have 
to  ba  run  in  real  tin*  and  tha  advantages  of  running  faatar  are  loot.  This  ia  also  true  if  a 
htasan  operator  la  ineludad  in  real  tin*  simulations.  It  la  an  advantage  to  revert  to  apaedad  up 
runs  whan  oonfldanoa  has  basn  aatabllahad,  and  tha  relevant  factors  revealed  fcgr  hardware 
investigation*  are  included  in  the  eisnilntion,  ao  that  no  faoate^cf  tha  hardware  era  being  lost. 


Ha  have,  ao  far,  sketched  out  a  skeleton  for  a  simulation  Methodology  which  la  Boat 
easily  aat  by  hybrid  as  ana.  This  aathodoloer  sill  now  ba  eonaidered  further  and  shown  to  ha 
suitable  for  both  non-linear  nieelle  ayatana  and  aub-optlMal  evaluations. 


5.  SIMULATION  METHODOLOGY 


Figure  2  shorn  tha  aiaulatlon  prograaaa  froa  which  tha  tsehniquas  of  nuaerlaal  analysis  and 
computer  aiaulatlon  ean  provide  a  spaotrun  of  ayatana 

undars tending,  5.1  Model  Davalopnant 


Expert#  no*  haa  shown  that  it  io 
•zpadltious  to  build  up  the  nodal  gradually 
rather  than  to  attempt  a  ooaprahanslv* 
version  at  tha  outset.  Tha  nor*  likely 
coure*  of  notion  In  arriving  at  an  aooaptable 
solution  ia  aa  follow*.  Tha  development  of 
a  typloal  aiaail*  aiaulatlon  progress** 

■t arts  with  either  alnpl*  digital  oosiputar 
prograwsaa  or  analogoa  run*  of  simplified 
vara  ions  of  tho  aathaaatioal  nodal.  At  thla 
stags  tha  niaaila  rapraaantation  nay  b*  very 
nuoh  aimplifiod,  with  only  aatimatad 
atrodynanion,  actuator  raaponaaa  and 
autopilot  Qharaotaristloa,  and  it  nay  b* 
that  only  single  plan*  flight  dynanloa  nr* 
repreeented  by  the  nodel.  A  oareful  not* 
should  ho  mad*  at  this  stag*.  It  night  b* 
obvious  that  the  ayatan  ia  charnotariaad  by 
a  high  degree  of  areas  coupling,  and  tha 
affects  of,  say,  a  spinning  movement,  night 
heavily  affect  the  single  plan*  dynanloa. 

In  thia  oaao  on*  would  have  to  start  off  in 
three  dimension*,  although  tha  parameter* 
nantlonad  earlier  could  etlll  be  of  on 
elementary  natur*. 

Only  a  faw  digital  oenputar  rune 
are  poaaibl*  beoaua*  the  ooet  of  running 
than  risen  rapidly  a a  tha  nodal  develops. 

When  tha  nodal  complexity  has  inoraasad 
significantly  to  inolud*  non-linear  affaota 
tha  usafulnaas  of  an  analogue  ooaputar 
b* comas  nor*  evident.  A  graatar  return  In 
understanding  follows  faatar  running,  which 
is  particularly  useful  in  studies  of  falssas 
In  ths  parameters  roprsssntsd  in  th*  nodsl. 

As  ths  number  of  runs  is  increased  tho 
dominant  factors  and  parameters  begin  to  emerge,  together  with  son*  knowledge  of  their  indapandsno# 
or  otherwise.  Tha  dagrs*  of  correlation  can  ba  judged  on  th*  basis  of  further  ooaputar  runs  in 
which  two  or  nor*  parameters  are  varied.  Finally  statistical  studies  can  proceed  in  which  ccmblnad 
and  interacting  variations  of  many  variable*  can  be  evaluated,  eg  in  Mont*  Carlo  type  stapled 
aiaulatlon*.  Th*  statistical  response  of  a  aystao  in  th*  praaeno*  of  nois*  can  also  he  determined. 
Whan  th*  nathanntlcal  nodal  is  finaliasd,  numerical  solutions  are  evaluated  noat  efficiently  on 
a  hybrid  ooaputar.  Non-linear  aspects  are  nor*  suited  to  analogue  evaluation,  but  oar*  has  to  be 
axaroiaad  in  structuring  th*  nodal  in  analogue  fora  ao  aa  not  to  axosad  tha  ooaplamant  of  analogue 
equipment •  It  ia  probably  generally  true  that  in  complex  guidance  and  oontrol  modelling  th* 
ooaputar  analogue  ooaplamant  la  soon  used  up  and  a  compromise  baoonaa  naoeaaary  in  tha  system 
modelling.  A  good  halano*  needs  to  b*  maintained  so  that  all  important  aspect*  era  modelled  to  an 
aooaptable  depth  of  understanding.  Th*  correct  balance  osn  only  b*  learned  through  hard  experience 
on  th*  job,  and  by  continuous  contact  with  real  hardware. 
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FIG.  2  SIMULATION  PROGRAMME 


If  a  aiaail*  aystam  is  sufficiently  wall  developed  and  if  it  la  planned  to  go  forward  to 
full  scale  flight  test*  then  hybrid  computations  oan  assist  in  assessing  th*  many  affaota  of 
anvironnantal  factor*  In  artansiv*  pra-flight  aiaulationa,  Including  malfunctions.  Autopilot  gain 
settings  in  fssdback  oontrol*  oan  be  determined  to  snsur*  good  stability  characteristics.  Instrument 
combinations  oan  b*  selected  together  with  their  manufacturing  standards.  Th*  nominal  performance 
and  likely  deviations  du*  to  statistical  uncertainties  oan  b*  predicted  for  specific  trials 
oonditlons.  Finally  if  sufficient  rsoord#  are  taken  as  ths  flight  tests  take  plaos,  it  becomee 
possible  to  carry  out  post  flight  simulations  for  modal  matching  purposes.  Adjustments  can  b*  made, 
for  extmple,  to  modify  th*  aerodynamic*  based  on  wind  tunnel  data,  if  these  are  inadequate  to 
describe  th*  actual  behaviour.  Sometimes  only  minor  changes  have  to  be  mad*.  The  post  flight 
mathematical  model  than  represents  the  fullest  possible  theoretical  understanding  of  the  weapon 
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system  under  consideration.  In  thin  Manner  the  Modelling  activity  can  be  uaed  ee  a  management 
tool,  which  can  contribute  to  the  auooeaa  of  a  Reaearoh  and  Development  project.  Thin  appliea 
not  only  In  the  nleaile  field  but  to  any  technological  eyeten  which  le  complex  and  dynamic. 

5.2  Sub— Optimal  Solution* 

He  have  eo  far  dlaouaaed  the 
development  of  a  nodal  but  we  oone  now  to 
oonalder  how  the  nodal  la  actually  uaed  in 
the  noet  effiolent  Banner,  ii  indicated 
before!  one  of  the  alna  of  a  nlaalla  designer 
la  to  gain  an  understanding  of  aiaplo  ayatana 
One  method  of  dealgnlng  alnpla  nlaalla 
ayatana  la  to  oonalder  aub-optlnal  solution* 
Figure  3  llluatratea  this  altuatlon 
schematically.  It  shows  that  aa  the  eyeten 
oonplexlty  increases,  say  by  Increasing  the 
degree  of  sophistication  in  guidance  loop 
filtering,  than  the  performance  criterion 
generally  follows  a  curve  of  diminishing 
returns.  The  carve  la  shown  incomplete  In 
the  upper  dlagraa  of  Figure  3  to  onphaslao 
that  ad  hoo  Investigations  and  developments, 
indicated  at  the  lower  and  of  the  dlagraa,  ' 
must  be  considered  to  be  merely  attempts  to 
obtain  significant  improvements,  without 
neoiiserily  succeeding.  At  the  other 
extreme  of  complexity  a  theoretically 
optlaum  solution,  say  a  Kalman  filter  In  the 
guidance  loop,  oen  provide  the  ideal 
performance.  There  is,  however,  an 
associated  oont  curvu  related  to  this 
complexity  spectrum,  which  la  shown  in  the 
lower  part  of  Figure  3>  It  indi octet  that 
the  ideal  perform  an oe  might  only  be  achieved 
at  a  premium  whioh  ia  too  high  for  the  user, 
eg  the  computational  costs  associated  with 
the  Kalman  filter  oould  be  great.  In  such 
a  situation  it  becomes  necesaary  to  study 
the  apeotrum  of  sub-optimal  solutions  whioh 
oontributa  to  the  upper  curve.  The  bulk  of 
the  work  ia  oonoemed  with  a  withdrawal 
from  the  optimum  to  find  a  working  oompremise 
between  acceptable  oost  and  perform an oe 
degradation  due  to  the  departure  from  the 
ideal. 

The  point  to  be  made  hare  la  that  the  simulation  techniques  being  described  in  this 
paper  enable  not  only  the  fully  optimum  solution  to  be  evaluated  technically,  but  also  the 
exchanges  which  result  from  withdrawing  from  the  optimum.  Computer  techniques  now  belug 
developed  allow  the  work  load  to  be  expanded  to  oover  a  wide  apeotrum  of  aub-optlnal  conditions, 
rather  than  merely  evaluate  the  design  and  performance  of  a  fully  optimum  system. 

6.  missus  mrmufOK  ams  costrol  example 

An  example  will  ha  given  now  which,  although  being  treated  in  this  paper  in  a  generalised  fori, 
oould  be  considered  to  be  typloal  of  problems  encountered  in  missile  studies. 

6.1  The  Problem  snd  Results 

The  simulation  technique  will  be  demonstrated  using  a  nathanatioal  nodal  of  non-llnoar 
oonplexlty  representing  a  wide  apeotrum  of  missiles  from  a  freely  falling  bomb  without  cither 
guidance  and  control,  to  a  laser  guided  eir-to-surfaoe  missile  of  hypothetical  design.  The 
first  order  effects  of  inoluding  aiaplo  guidance  on  a  freely  falling  bomb  will  bo  shown.  Then 
the  effeoti  of  having  either  continuous  or  pulsed  guidance  information  available  from  the  sensor 
are  demonstrated.  Various  degrees  of  oonplexlty  in  roll  oontrol,  from  freely  rolling  weapons  to 
roll  rata  and  roll  position  stabilisation  are  added  alee.  Finally  a  rocket  motor  la  added  to 
•how  what  improved  performance  arises  from  increased  speed  and  aerodynamlo  response  in  the  ease 
considered.  An  AD4/IW  1130  hybrid  oonputer  was  used  for  this  study  in  whioh  tha  digital  part  of 
the  oonputer  was  uaed  to  oontrol  tha  analogue. 

Figure  4  llluatratea  a  laaar  guided  nlaalla  attaak  in  whioh  the  target  ia  illuminated 
by  a  laaar  aouroa.  Tha  reflection  of  this  radiation  ia  detected  by  a  sensor  in  tha  head  of  tha 
nlaalla,  and  aanl-aotlva  honing  oan  taka  plaoa,  provided  that  the  niaaile  ia  fitted  with  oontrol 
davioee  for  Manoeuvre.  A  number  of  non-linear  factors  have  boon  included  in  tha  simulation 
and  the  degree  of  oonplexlty  oan  be  Judged  from  the  inclusion  ofi- 
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a)  a  laaar  guidance  aouroe,  which,  In  the 
aiwulation,  can  b*  althar  continuous  or 
■anplad. 

b)  a  laaar  detector  honing  haad. 

e)  a  proportional  navigation  homing  guidanoa 
law* 

d)  a  aifnal  hold  darloa  for  retaining  a  laaar 
signal  batwaan  pulaaa* 

a)  a  pulaa  width  modulator* 

f)  variable  aarodynaalo  oondltiona  (non-linaar) . 

g)  althar  bang-bang  or  proportional  control 
actuation* 

h)  a  aapantad  roll  raaolvar  for  transferring 
daaanda  in  apaoa  ana  to  aiaalla  actuatora 
for  a  rolling  aiaalla* 

l)  gravity  ooapanaatlon  in  tha  vertical  ooaaiand. 


Conaidar  firat  tha  fraaly  falling  bomb  fro* 
ralaaaa  oondltiona  giving  a  aiaa  dlatanoa  of  about 
120  arbitrary  unit a,  (arbitrary  unit a  baing  uaad 
alnoa  only  ralatlva  aarita  ara  baing  lnvaatigatad) . 
Typioal  atrlka  point a  of  thia  aagnituda  ara  ahown  in 
tha  eantral  part  of  Flgura  5*  Tha  dlaparaion  of  tha 
alxtoan  impact  point*  ahown  aria**  fren  iapoaad 
variation*  in  altitud*  and  croas-traok  at  ralaaaa. 

Tha  oantral  part  of  Flgura  5  alao  ahowa  what 
improvement  oan  ha  obtain*!  whan  guidanoa  la 
introduoad,  pulaad  in  tha  firat  inatanoa,  togathar 
with  hang-hang  oontrol.  Tha  firat  ordar  iaprovaaant 
la  to  about  30  unit*  radial  aiaa  dlatanoa.  Furthar 
potential  iaprovaaant*  ara  offered  by  tha  introduction 
of  althar  oontinuoua  guidanoa  data  or  proportional 
oontrol.  If  hang-bang  oontrol  la  atill  uaad,  but  tha 
guidanoa  ia  oontinuoua  in  font,  than  tha  aiaa  dlatanoa 
oan  ha  radnoad  to  tha  ordar  of  40  unit*.  Oontinuoua 
guidanoa  with  proportional  oontrol  product  a  battar 
parforaanoa.  4  aiaa  dlatanoa  of  about  13  unit*  oan 
bo  aohiovod  with  a  fraaly  rolling  aiaalla.  4  furthar 
Iaprovaaant  to  10  unit a  oan  b*  obtain*!  whan  it  la  roll  poaitlon  atablllaad,  (aao  tha  laft  hand 
piotur*  of  Figure  3),  but  it  will  b*  notload  that  tb*  balliatio  travel  of  unguidad  roll  poaitlon 
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(iha  aiaalla  lt>  ai^la  in  oonoapt 
with  no  autopilot  (aarodyncnio 
atablliaatioo  only)  it  no  rat* 
proa,  aooalaronatars  or  ahapiag 
network*,  and  tha  target  i* 
assumed  to  ba  atationazy.) 


atablllaad  round*  oan  b*  graatar  than  whan  fraaly  rolling.  Tha  above  figure*  apply  to  an 
unpowarad  guided  weapon  wharaaa  in  thia  oaa*  tb*  addition  of  a  rodent  wot or,  to  inoxaaa*  tha  apaad 
and  narodynanlo  raaponaa,  ahowad  that  aiaa  diatanoaa  of  tha  ordar  of  5  unit*  oeuld  bu  achieved  with 
pulaad  guidanoa,  bang-hang  oontrol*  and  a  fraaly  rolling  aiaalla  ooaparad  with  tha  50  unite  given 
above  for  an  unpowarad  varaion.  Tha  exchange  rata*  given  above  are,  however,  for  illustrative 
purpose*  only,  to  show  tha  value  of  tha  ayatanatio  approach.  The  raaulta  are  not  intend*!  to  ahow 
ganaral  eharaotaristios  baoaua*  a  ooaplat*  aiaalla  ayataa  dapanda  on  ao  aany  paranatara  and  tha 
Interactions  batwaan  than.  For  inatanoa  they  ralat*  to  (pacific  aarodynaalo  propart laa  which 
have  ranainad  unohangad  throughout.  It  oould  ba  that  significant  iaprovaaant*  Bight  alao  ba 
forthooaing  frea  aarodynaalo  radaaign,  an  lnvaatigation  which  oeuld  alao  h*  carried  out  by  byorid 
.  ooaputar  aiwulation  to  dataiwioa  thaoratioally  the  boat  aaredynamio  pro  partial  required. 


6.2  Ooaputatlonal  laplieatlona 


The  previous  paragraph  was  Intended  only  to  lam  as  an  indioation  of  tha  problem.  In 
actual  fact  axtanaiv*  hybrid  00a putlog  has  bean  completed  with  this  modal.  This  inoludta  multi- 
paraaMtar  changes  and  atatlatlcal  run*  of  the  ordar  of  a  few  hundred  thousand.  Blocks  oY  100 
nominally  repeated  runs  war*  used  as  a  haala  for  ooapariaon  to  corar  analogue  computing 
lnaooaraoiaa.  For  aaeh  run  tha  oo-ordlnaUa  of  ala*  dlatanoa  war*  raoordad  togathar  with  approaoh 
anglaa  at  tha  target.  Tha  digital  part  of  tb*  oomputar  than  oaloulatad  aaana,  etandard  daviatlona 
and  ra*  radial  aiaa  distance*  for  aaoh  block  of  runs,  and  the  raaulta  wars  printed  out  iaaMdiataly. 
Array*  of  blocks,  typioally  5*5,  wars  than  ooaputad  automatically  by  digital  controlled  analogue 
aiwulation,  for  a  rang*  of  valuta  of  aaoh  of  two  parameters,  is  a  total  of  2300  runs  (namely 
5  *  5  *  100)  la  aaeh  typioal  array.  80a*  of  the  paranatara  00 w rad  war*  tha  homing  head  gains, 
frlotloaa  and  bias**,  the  navigation  oonstaat  of  tha  proportional  navigation  law,  the  gravity 
ooapanaatlon  factor  and  aarodynaalo  paranatara.  On*  or  the  arrays  of  2500  runs  took  only  about 
1  hour  of  hybrid  oonputlng  tine.  If  thia  nunbar  of  runs  had  bean  ooaplatad  by  purely  aanually 
operated  analogue  oonputation,  with  tha  atm*  raaulta  being  raoordad  by  hand,  and  potantionatar 
valusa  being  sat  by  haad  batwaan  blooka,  it  ia  satiaatad  that  the  tin*  on  tha  oomputar  would  haw* 
bean  inoraaaad  at  least  tan  fold,  noat  of  tha  tin*  being  taken  up  by  documentation.  Considerable 
additional  tin*  would  alao  hava  bean  required  for  off-line  analysis  of  raaulta. 
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w  A  partly  digital  a Isolation  of  tht  a at*  problem  waa  alto  developed  in  parallel,  but  It 

ran  into  significant  diffioultiaa  because  of  tha  Many  non-llntarltiai  inoludtd.  It  used  a 
£j  conventional  simulation  language  and,  when  ooMplatad,  took  about  25  alna  par  run.  A  five  by  fira 

!  array  of  only  ona  run  par  blook  would  hart  takan  about  10  houra. 

p  Hybrid  computation,  t  hart  fora,  pro  vi  dad  tha  aoat  uaaful  quantitative  raaulta  in  a  raadily 

|:  aatlailabTa  fora.  Paraaiatar  dynaaioa  war*  rooordad  on  papar  traoaa,  and  displayed  on  oadlloaoopaa 

s'  aa  required.  Further  aoftwara  aval  labia  lneludad  aub-routinaa  for  statistical  analyaaa  of  varianoe 

I'  of  raaulta.  Significant  savings  in  both  tlM  and  affort  tharofora  raaultad  from  ops  rating  tha 

aodal  in  hybrid  font.  With  inposad  and  oontrollad  noiaa  atudlaa  in  tha  ayatan  nodal,  atatiatloal 
6  atudlaa  art  a  naoaaalty,  thua  anhanolng  tha  hybrid  approach. 
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7.  00HCLU8I0HS 

It  haa  baan  shown  that  althar  digital  or  analogua  computer  tachnlquaa  alona  do  not  naat  all  tha 
requirements  for  obtaining  a  full  understanding  of  tha  parfoinanoa  of  a  ocaplex  ayatan  using  a  aathanatioal 
modal  approaoh.  A  nathodology  of  using  a  hybrid  ooaputar  for  simulation  purpoaaa  haa  tharofora  baan 
developed  and  appliad  to  tha  study  of  a  miaaila  guidanoa  and  oontrol  problem. 

Doing  a  hybrid  oemputsr  to  alnulata  rapidly  varying,  wlda  bandwidth  niaalla  ayatan  oomponanta  it 
ia  possible  to  (a)  compart  altornatlvs  aolutlona  to  a  givsn  tactical  requirement,  (b)  include  many  non-linear 
fact  ora,  (o)  atudy  aub-optlmal  solutions,  (d)  perform  largo  nmabars  of  runs,  (a)  oomputa  trajectories  100 
tints  faatar  than  raal  tins,  (f)  explore  the  effects  of  manufacturing  tolaranoaa  and  instrument  standards, 

(g)  ohe ok  out  parallel  hardware  developments  and  (h)  develop  a  miaaila  to  meat  a  oost-effective  requirement. 

This  thorough  method  of  evaluating  a  future  ayatem  can  inolude  a  vary  elaborate  alaulation  of  any 
part  of  tha  ayatam  requiring  daapar  investigation,  and  it  la  posslbla  to  validate  tha  modal  by  tha  lnoluslon 
of  actual  davalopad  hardware  in  the  simulation  itself. 

The  example  given  of  a  laaar  guided  miaaila  atudy,  in  tha  air— to-aurfaoa  mode,  Indicates  how  thla 
nathodology  can  bo  appliad  to  aafaguard  against  future  tactical  aieeilee  being  over-designed  with  expansive 
sub-eystema.  Furthermore,  the  nathodology  davalopad  ia  aultad  to  othsr  ooaplex  and  dynamic  technologlaa, 
by  utilising  extensive  numerical  svaluations  of  aithar  deteminiatie  parameter  variations  or  atatiatloal 
uncertainties  in  a  representative  mathematical  nodal. 
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SUMMARY 


A  discussion  of  the  characterlatlca  of  typical  electro-optical  terminal  guidance  aubsystems  in¬ 
cluding  area  corralator  and  gated  trackara  are  furnished  to  define  those  parameters  (aim  and  lock-on  capabil¬ 
ity,  tracking  accuracy,  tracking  bandwidth,  aspect  angle  capability,  sensitivity  to  target  and  light  level 
variations,  acquisition  envelope,  and  range  cloaure  effects)  which  are  important  to  the  system  user. 

The  Cuidance  Development  Center  (GDC),  a  laboratory  designed  to  repeatably  measure  these  proper¬ 
ties,  is  describsd  and  a  movie  shown  which  illustrates  lt»  operation. 

Typical  area  correlator  tracker  characteristics  are  furnished  and  a  run  schedule  defined  to  eval¬ 
uate  the  performance  parameters  described  above.  An  economic  analysis  is  presented  to  illustrate  the  poten¬ 
tial  cost  savings  over  flight  teat. 


Tactical  weapon  systems  demand  increased  accuracies  at  longer  ranges  and  low  coat  systems  to 
permit  virtually  unlimited  use  in  combat  situations,  If  these  high  accuracy  (small  miss  distances)  demands 
are  met,  the  dynamic  effects  and  performance  limitations  of  both  the  missile  and  seeker  must  be  taken  into 
account  «s  wall  aa  the  static  characteristics.  For  effecting  low  cost  and  high  performance,  coat  tradeoff 
studies  must  be  made  of  the  component  parts,  delineating  performance  characteristics  versus  cost. 

TERMINAL  CUIDANCE  SUBSYSTEMS 

Terminally  guided  electro-optic  weapons  (Figure  1)  provide  a  coot  effective  solution  to  point  tar¬ 
get  destruction.  Such  weapons  can  be  broadly  divided  into  two  categories:  those  which  are  aimed  and  locked 
on  the  target  (ALT)  by  a  pilot  und  those  which  search  and  acquire  a  target  (SAT)  after  launch.  Either  system 
may  lock  on  the  elgnature  of  the  terget  itself  or  the  signature  of  the  area  surrounding  it. 


Figure  1.  Electro-Optic  Weapons 


The  basic  components  of  a  guidance  system  which  can  perform  tV  either  mode  (Figure  2)  Include  a 
set  of  optics,  gimbals,  and  photomultiplier  tube  which  has  been  suitably  designed  by  subsystem  tradeoffs  to 
permit  acquisition,  withstand  body  motions,  and  yet  furnish  end  game  accuracy,  a  TV  camera  to  permit  pilot 
aiming  (ALT)  and/or  a  memory  device  for  lock  on  after  launch  (SAT),  and  an  electronic  chassis  for  signal  pro¬ 
cessing,  logic  functions  and  power  regulation  and  distribution. 

Various  modts  of  release  (Figure  3)  are  important  for  a  SAT  guidance  ayatsm  since  aircraft  sur¬ 
vival  Is  improvad  by  mansuvars  during  delivery  and  lack  of  fixed  delivery  geometric  constraints,  In  all  SAT 
modes  the  attack  is  against  a  prebrief ad  target  with  the  image  of  the  target  cru  or  target  stored  in  memory. 
The  pilot  navigates  over  an  initialization  point  and  flies  any  one  of  several  predetermined  maneuvers  to 
launch  tha  weapon  so  that  it  will  peas  through  an  acquisition  basket,  acquire  the\ target ,  and  maneuver  to  it.. 
Tha  SAT  guided  missile  can  also  ba  retained  on  the  aircraft,  flown  through  the  acquisition  basket  and  then 
released  in  tha  event  that  tha  target  is  not  defended.  All  launch  modes  are  designed  to  provide  a  high  mis¬ 
sile  approach  angla  to  tha  target  since  this  trajectory  minimizes  signal  attenustioX  In  the  optical  path  pro¬ 
vided  a  cloud-free  line-of-alght  to  the  target  can  be  established.  This  trajectory  Xiao  assists  in  providing 
a  high  warhead  function  angla  which  minimizes  the  effects  of  aimpolnt  bias,  fuzing  he\ght,  and  bomblet  tra¬ 
jectory  after  burst  in  tha  case  of  dispersion  weapons.  The  wsrhead  function  angle  caAatso  be  improved  by 
blaeing  the  trajectory  (Figure  4)  using  intermediate  prestorod  target  viewB  called  updates  which  have  bean 
selected  and  stored  in  the  guidance  system,  As  the  missile  closes  with  the  target,  the\reference  scene  is 
changed  forcing  the  missile  to  fly  a  lofted  trajectory  to  acquire  tha  new  scene. 

Flexibility  of  delivery  is  also  important  for  an  ALT  guidance  system  (Figure  3d  since  targets  of 
opportunity  may  appear  from  many  geomstrics.  In  this  system  the  pilot  acquires  the  target\by  vltwlng  it 
through  tha  missile  optics  and  manually  positioning  the  guidance  head  on  th>i  point  of  interest.  In  addition 
to  the  obvious  advantage  of  quick  response,  this  system  is  usually  less  costly  than  an  SAT  ifl(.nce  there  are 
little  if  any  memory  requirements. 
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Figure  3.  SAT  Delivery  Options 


TESTING  REQUIREMENTS 

By  reviewing  the  above  missions,  it  is  possible  to  define  a  number  of  system  parameters  which  must 
be  demonstrated  by  test  to  establish  that  a  specific  set  of  guidance  hardware  will  operate  in  a  broad  and  use¬ 
ful  set  of  tactical  conditions! 

1 .  Initial  Aiming  and  Lock-On  Accuracy 

This  test  consists  of  pointing  at  a  target  acroBS  a  range  of  illuminations  from  100  to  10,000  foot- 
candles  and  measuring  the  jump  that  occurs  when  the  lock  on  switch  is  engaged.  A  typical  run  schedule  (Figure 
6)  would  be  repeated  at  each  light  level  to  determine  if  the  effect  is  statistical  in  nature  and  accomplished 
against  two  or  more  targets  of  varying  contrast  at  different  approach  trajectory  angles.  It  should  be  per¬ 
formed  at  the  acquisition  range  desired,  usually  about  50,000  feet  and  some  Intermediate  range. 


Run  No* 

Target 

Slant 

Range  (Ft) 

Depression 
Angle  (Deg) 

Light 

Level 

Video  Signature 
and  Light  Level 
Threshold  Test 

i-i 

A 

20K 

25 

Max 

X 

1-2 

25 

Min 

1-3 

45 

Max 

1-4 

45 

Min 

1-5 

48K 

25 

Max 

1-6 

Min 

1-7 

B 

Max 

1-8 

Min 

1-9 

20K 

Max 

X 

1-10 

: 

i 

20K 

25 

Min 

1-11 

45 

Max 

1-12 

45 

Min 

1-13 

25 

Max 

X 

1-14 

25 

Min 

1-15 

45 

Max 

1-16 

45 

Min 

1-17 

48K 

25 

Max 

1-18 

48K 

25 

Min 

Figure  6.  Initial  Aiming  Run  Schedule 

2.  ASPECT  ANGLE  SENSITIVITY 

In  this  test  the  system  should  be  locked  on  to  the  target  and  then  translated  vertically  and  hori¬ 
zontally  a  distance  of  '25,000  feet  to  establish  the  point  where  lock  on  is  broken.  The  test  should  be  re¬ 
peated  against  different  contrast  targets, 


i 
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3.  STATIC  TRACKING  ACCURACY 


This  test  consists  of  locking  the  guidance  head  on  the  target  at  acquisition  range  and  measuring 
the  guidance  head  drift  with  time  in  the  three  rotational  degrees  of  freedom.  This  test  is  performed  to 
determine  whether  fixed  biases  such  as  gimbal  mass  unbalance  will  disturb  dynamic  tracking  results.  The  time 
duration  should  be  typical  of  that  expected  in  missile  flights. 

4.  TRACKING  BANDWIDTH  MEASUREMENTS 

During  this  test  the  guidance  head  is  locked  on  to  a  target  while  the  head  is  rotated  in  a  sinus¬ 
oidal  motion  in  each  axis  at  a  fixed  amplitude  with  the  frequency  increasing  until  loss  of  lock  occurs. 

Range,  lighting,  and  trajectory  parameters  should  also  be  varied. 

5.  ACQUISITION  ENVELOPE 

This  test  is  useful  for  all  SAT  systems  and  some  types  of  ALT  devices.  It  consists  of  inserting 
a  scene  into  memory,  then  moving  “X”  degrees  away  from  the  perpendicular  line  of  sight  to  establish  whan  the 
device  fails  to  acquire  the  target.  Again  the  other  significant  signature  parameters  should  be  varied  to 
establish  sensitivity, 

6.  OPEN  LOOP  RANGE  CLOSURE 

In  this  test  tha  guidance  unit  is  moved  along  the  direct  line  of  sight  from  acquisition  (50,000 
feet)  to  loss  of  lock  (usually  less  than  5,000  feet).  The  usual  parameters  are  varied  in  addition  to  closing 
speed. 

7.  CLOSED  LOOP  RANGE  CLOSURE 

For  final  verification  of  weapon  system  accuracy,  the  tracker  must  be  evaluated  In  a  dynamic  simu¬ 
lation.  In  these  tests  everything  is  put  together  and  the  missile  should  be  flown  through  the  complete  range 
of  expected  variations. 

Approximately  6,000  runs  are  required  to  complete  the  above  program.  To  accomplish  all  of  these 
tests  in  the  real  world  would  require  the  development  of  new  test  tools,  take  a  long  time,  and  require  the 
expenditure  of  many  missiles.  Fortunately,  a  test  chamber,  a  Guidance  Development  Center,  has  been  defined 
which  will  satisfy  these  requirements  at  a  reasonable  cost.. 

SIMULATION  FACILITY  AND  CAPABILITIES 

To  simulate  missile  problems  and  test  optical  tracking  techniques,  four  elements  are  required. 

a)  A  target  against  which  the  missile  can  fly; 

b)  Translational  and  rotational  systems  to  simulate  the  spatial  relationships  of  the  missile  rela¬ 
tive  to  the  target; 

c)  Provisions  for  mounting  the  guidance  seeker; 

d)  Computers  to  implement  the  mathematical  models  of  the  missile  aerodynamics,  kinematics,  actua¬ 
tors,  and  autopilot  as  well  ns  numerical  calculations  of  accelerations  and  velocities. 

These  basic  elements  properly  integrated  will  provide  a  laboratory  for  the  development  and  evalua¬ 
tion  of  advanced  electro-optical  guidance  systems.  It  will  also  provide  the  resources  and  capabilities  neces¬ 
sary  for  developing  and  evaluating  missile  systems,  subsystems  and  components  throughout  the  RDT&F,  development 
cycle , 


To  provide  the  first  three  capabilities,  the  Guidance  Development  Center  (GDC)  has  six  degrees  of 
freedom,  three  degrees  of  translation  and  three  degrees  of  rotation.  The  three  degrees  of  rotation  are  pro¬ 
vided  by  a  three  axis  gimballed  flight  table  (Figure  7,  Item  1)  in  which  the  seeker  can  be  mounted  to  the  in¬ 
ner  roll  gimbsled  housing  (Figure  8).  This  provides  all  of  the  body  angular  displacements,  body  rates,  and 
accelerations  required  for  open  or  closed  loop  tests.  The  three  degrees  of  translation  arc  provided  by  three 
transport  systems.  The  lateral  transport  moves  the  flight  table  in  a  horizontal  direction  through  a  carriage/ 
rail  system  (Item  2)  mounted  on  a  horizontal  beam  assembly  (Item  3)  and  In  a  vertical  direction  through  an  end 
box/rack  and  rail  vertical  column  system  (Item  4)  inside  the  vertical  column  housing  structure.  This  transla¬ 
tion  provides  all  vertical  or  altitude  displacements,  rates,  and  accelerations.  These  five  degrees  of  freedom 
are  so  hardware  interfaced  that  they  can  be  considered  as  comprising  a  five  degree  of  freedom  assembly.  The 
longitudinal  transporter  system  (Item  5)  moves  the  terrain  model  through  a  carriage  interfaced  rack  and  rail 
system  toward  the  flight  table.  This  longitudinal  travel  provides  range  closure  displacements,  rates,  and 
accelerations.  The  dynamic  range  ratio  of  1 000 ;  1  on  all  drives  provides  large  capability  for  scaling  options. 
The  longitudinal  system  transports  the  three  dimensional  terrain  model  which  provides  three  dimensional  static 
and  dynamic  signatures  to  the  seeker.  The  terrain  model  (Figure  9)  is  transported  on  the  longitudinal  system 
and  provides  a  series  of  straight  line  contrast  areas,  bland  topography  with  various  contrast  targets,  and 
servo-controlled  moving  target  models.  The  straight  line  contrast  nreas  with  a  target  located  closely  to  the 
contrast  line  exercises  the  closure  shift  dril't  problem  experienced  in  most  correlators.  The  blard  area  with 
various  contrast  targets  exercises  the  acquisition  and  hold  lock  capability  under  different  lighting  and  con¬ 
trast  ratios.  The  moving  targets  provide  dynamic  tracking  capability  againBt  changing  background  scenes.  The 
target  model  can  be  tilted  to  an  Infinite  number  of  positions  from  0  to  25  degrees  from  the  horizontal  so  that 
various  geometries  and  altitudes  can  be  accommodated.  When  the  target  model  is  horizontal,  It  can  be  rotated 
In  azimuth  and  secured  at  90  degree  points  for  presenting  different  aspect  angles  to  the  seeker.  The  target 
model  and  transport  system  are  operable  trom  inside  the  lsboratory  under  controlled  artificial  lighting  condi¬ 
tions  from  10"2  to  200  footcanules  as  well  as  outside  for  bright  sunshine  and  natural  lighting  conditions 
(Figure  10) . 
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Figure  9.  Terrain  Model 


Figure  10.  Terrain  Model  Outside 


To  accommodate  the  long  focal  length  lenses  (250  mm)  on  the  optical  guidance  seekera,  an  auto- 
focuslng  lens  system  (Figure  11)  must  be  used  for  collimating  the  light  in  the  near  field.  For  the  task  to 
be  accomplished,  the  lens  system  must  be  essentially  a  zoom  lens  working  backwards.  Hence,  as  the  target 
model  closes  range  toward  the  seeker,  the  focal  length  changes.  The  autofocuser  transforms  light  from  a 
scaled  model  to  the  seeker  optica  in  the  same  manner  as  the  light  from  the  same  scene  in  the  real  world  is 
reflected  to  the  seeker  optics. 

The  control  room  (Figure  7,  Item  6)  is  the  nerve  center  of  the  GDC,  since  all  equipment  is  op¬ 
erated  from  this  point,  all  data  collected  and  laboratory  conditions  are  monitored  here.  The  control  room 
houses  tht  control  consoles  (Item  7)  from  which  all  rotational  and  translational  drives  are  operated.  The 
closed  circuit  television  and  lens  drives  are  also  controlled  from  consoles  in  this  room.  The  instrumenta¬ 
tion  lines  from  the  seeker  are  brought  into  an  instrumentation  console  from  subsequent  rerouting  to  conaoles 
and  data  handling  and  recording  equipment. 

This  physical  equipment  provides  the  system  geometry  and  dynamics  and  when  properly  driven  by 
a  computer  simulation  provides  the  system  capability  shown  in  Table  £.  Other  simulations  can  be  accommo¬ 
dated  by  changing  the  scale  factor  of  the  terrain  model.  Removable  features  permit  variations  between  300:1 
and  1200:1. 


Figure  11.  Infinite  Focus  Lens  System 


TABLE  I 

Optical  Guidance  Simulation 
Area  Flight  Parameters  (600:1  scale) 

Slant  range  -  50,000  ft 
Altitude  -  24,000  ft 
Lateral  range  -  to  24,000  ft 
Horizontal  velocity  -  to  6,000  ft/s 
Vertical  velocity  -  to  3,600  ft/s 
Lateral  velocity  -  to  2,400  ft/s 
Pitch  velocity  -  to  200  deg/s 
Yaw  velocity  -  to  200  deR/s 
Roll  velocity  -  to  800  deg/s 
Pitch  position  -  ±120  deg 
Yaw  position  -  ±45  deg 
Roll  position  -  continuous 
Sensor  system  weight  -  50  pounds 
Sensor  system  size  -  14  in  dia 


The  fourth  element  required  is  the  computers,  which  are  also  located  in  the  control  room.  The 
elements  of  a  typical  seeker /miseile/target  simulation  relationship  are  shown  in  Figure  12  where: 

X  ia  the  angle  between  the  Beeker  axis  and  the  missile  centerline; 

s  la  the  angle  between  the  line-of-slght  and  the  seeker  axis; 

P  is  the  missile  attitude  angle  reference  inertially  to  the  x  coordinate; 

y  is  the  missile  flight  path  angle. 

The  missile  and  seeker  angles  must  be  considered  as  having  been  derived  from  vector  quantities  since  b11 
have  components  in  both  the  x-y  and  x-z  planes.  Since  the  missile  roll  angle  affects  the  missile  error 
angle,  three  degrees  of  rotational  freedom  between  the  missile  and  the  reference  frame  are  necessary.  In 
addition,  the  seeker  may  have  two  degrees  of  freedom  with  respect  to  the  airframe.  If  the  seeker’s  third 
degree  of  freedom  (roll)  is  activated,  a  means  must  be  provided  to  resolve  pitch  and  yaw  error  components 
back  to  the  missile  pitch  and  yaw  frame  of  reference.  This  resolution  must  be  built  into  the  seeker  head 
and  after  processing,  the  error  signals  are  the  same  as  though  thiB  additional  degree  of  freedom  did  not 
exist.  For  some  cases  of  simulation,  where  the  seeker  gimbal  hardware  is  not  available,  the  flight  table 
mutt  have  the  capability  to  perform  this  task,  The  resolution  can  be  effected  through  a  combination  of  re¬ 
solvers  on  the  flight  table  or  computer  and  computer  program  for  controlling  the  candards  for  Induced  roll. 


i.e.-o 


Figure  12.  Misaile/Seeker/Target  Relationship 


A  block  diagram  depicting  the  overall  aimulation  of  a  missile  In  flight  la  shown  in  Figure  13. 

It  Is  divided  Into  computer  performed  simulation,  translational  and  rotational  degrees  of  freedom  equipment, 
a  target  terrain  model,  and  a  guidance  seeker  package.  The  flight-  table  provides  the  missile  reference 
frame  from  an  Inertial  frame.  All  forces  and  moments  on  the  airframe  are  calculated  from  this  reference 
frame.  Division  by  mass  properties  (inertia)  then  gives  the  accelerations  in  the  same  frame.  Integration 
of  these  accelerations,  then,  gives  the  translational  (u,  v,  and  w)  and  rotational  (p,  q,  and  r)  velocities 
in  this  body  frame  of  reference.  These  velocities  must  then  be  transformed  to  an  inertial  frame  of  refer¬ 
ence  to  be  correct  for  commanding  the  velocities  of  the  three  degrees  of  translation.  Thus,  by  adding 
the  three  degrees  of  translation,  the  true  dynamic  spatial  relationship  of  the  mlBslle  relative  to  the  tar¬ 
get  is  obtained.  By  having  this  angular  and  rotational  Interaction,  the  closed  loop  simulation  permits  the 
computer  representation  of  the  aerodynamics,  kinematics,  autopilot  and  actuators  to  present  the  same  dynamic 
environment  that  the  seeker  experiences  under  actual  flight  conditions.  Even  launch  dynamics  and  wind  buf¬ 
feting  loads  can  be  simulated  with  realistic  forces  being  applied  to  the  seeker  under  test. 

The  significance  of  the  multi-feedback  loops  is  that  it  serves  to  wash  out  the  effectB  of  many 
of  the  errors  that  can  occur  in  implementing  the  simulation.  Some  of  the  non-simulation  errors  are: 

a)  Aerodynamic  coefficients  and  characteristics  generally  between  5  and  25  percent; 

b)  Normal  manufacturing  tolerances  of  the  missile  system  introduce  uncertainty  in  some  param¬ 
eters  such  as  center  of  gravity  and  bias  errors  such  as  roll  torque; 

c)  As  a  result  of  a),  the  velocity  of  the  missile  between  5  and  10  percent. 

Although  these  data  may  seem  gross,  dynamic  performance  characteristics  can  be  determined  under  a  controlled 
and  repeatable  environment  with  the  utilization  of  a  precision  simulation  facility. 

Where  seeker  hardware,  physical  target,  and  simulated  missile  dynamics  are  operating  in  a  closed 
loop,  an  effect  is  introduced  that  is  not  present  in  open  loop  guidance.  This  is  the  dynamic  effect  that 
can  cause  an  uncontrolled  oscillation  if  the  phase  shift  around  the  loop  becomes  180  degrees  at  the  time 
the  loop  gain  is  unity.  These  phase  shifts  are  Inherent  in  the  various  pieces  of  the  overall  loop  and  can¬ 
not  be  designed  out  of  the  missile/Beeker/target  tracking  task.  Generally,  the  dynamics  limit  the  flight 
hardware  guidance  loop  bandwidth  to  0.5  Hz  or  less.  For  good  following,  the  translational  velocity  loops 
should  be  designed  for  at  least  3.0  Hz  in  the  longitudinal,  vertical,  and  lateral  directions.  The  rotational 
rates  and  rise  tinea  are  not  adequate  to  simulate  the  short  period  motions  of  the  airframe;  however,  this  la 
not  required  eince  the  simulation  is  not  intended  to  evaluate  autopilotB  and  flight  control  stability.  This 
limitation  le  accepted  to  reduce  the  weight  placed  on  the  movable  sensor  transport,  If  an  autopilot /airframe 
should  have  a  combined  bandpass  significantly  greater  than  0.5  Hz,  the  problem  must  be  programmed  as  essen¬ 
tially  a  trajectory  problem.  Here  only  lift  and  drag  curves  are  utilized  to  simulate  the  airframe.  Account 
must  be  taken  of  the  angle  of  attack  so  that  the  missile  centerline  will  have  the  correct  angle  with  the 
velocity  vector. 

The  mechanical  elements  of  the  GDC  are  designed  so  that  all  structural  vibration  frequencies 
will  be  above  ID  Hz  and  thus  out  of  the  pass  band  of  most  guidance  sensors.  The  structural  stiffness  permits 
holding  the  extraneous  angular  motions  due  to  vibrations  to  about  0.1  milllrsdlan.  Optical  sensors  presently 
being  designed  have  linear  regions  of  operation  of  about  1  milliradLan.  The  stiffness  permits  the  system 
Investigation  to  separate  the  Inherent  difficulties  in  the  guidance  sensor  from  those  due  to  simulator  de¬ 
partures  from  the  ideal. 


With  the  seeker  mounted  an  the  three  axis  flight  table,  the  steering  signals  from  the  seeker 
hardware  are  used  to  drive  the  mathematical  model  simulated  on  the  computer.  The  output  of  the  math  model 
then  provides  Input  signals  to  the  translational  and  rotational  drives. 

With  all  of  these  systems  Integrated,  the  GDC  functions  as  one  of  the  vital  elements  In  the  over¬ 
all  missile  system  development  process.  It  allows  rapid  and  repeatable  testing  of  guidance  components,  sub¬ 
system*  and  systems  under  realistic  controlled  conditions.  As  a  precision  laboratory  tool,  the  GDC  provides 
the  capability  for 

a)  Evaluating  breadboard  and  braeaboard  hardware  performance, 

b)  Evaluating  daslgn  modifications  to  hardware, 

c)  Establishing  component  parameters  for  optimum  performance, 

d)  Evaluating  tracking  tasks, 

e)  Evaluating  CEP  studies,  and 

f)  Final  preflight  check  for  development  programs. 

LABORATORY  OPERATION 

Simulation  by  definition  is  only  an  approximation  of  the  real  world.  It  is  acceptable  only 
if  experience  proves  it  to  be  so.  The  laboratory  just  described  was  conceived,  designed,  and  built  at  the 
risk  that  It  might  prove  useless.  Its  design  was  an  extrapolation  of  the  concepts  explored  by  many  others 
and  took  advantage  of  the  experience,  good  and  bad,  of  the  preceding  attempts.  Its  final  validation  was 
accomplished  during  1967  when  16  missiles  were  evaluated  in  it  and  then  fired  to  confirm  operating  charac¬ 
teristics.  No  missile  which  has  operated  through  the  range  of  conditions  possible  to  simulate  in  the  GDC 
has  yet  failed  to  perform  during  terminal  trajectory  flight  conditions.  It  is  being  used  by  all  of  the  U.S. 
services,  other  governments,  and  other  commercisl  contractors  and  has  been  in  two  shift  operation  almost 
continuously,  This  style  of  testing  has  proven  itself  to  the  point  where  it  can  receive  its  most  sincere  vote 
of  confidence,  it  is  being  duplicated  by  others. 

The  final  test  of  a  laboratory  is  the  economics  of  its  operation.  Two  questions  arise:  Could 
something  lesa  sophisticated  and  therefore  less  costly  perform  the  function,  mid  if  the  investment  must  be 
made,  will  there  be  savings  to  permit  its  recovery7  In  answer  to  the  first  question,  it  has  always  been  a 
GDC  philosophy  that  no  piece  of  equipment  should  be  tested  in  the  GDC  until  it  has  worked  in  a  dynamic  en¬ 
vironment  against  a  two  dimensional  scene.  Despite  this  requirement,  no  guidance  unit,  government  supplied 
or  private  contractor,  hab  ever  performed  within  its  design  specifications  when  tested  through  the  range  of 
design  parameters  in  the  GDC,  including  units  which  have  been  captive  flight  tested.  Therefore,  no  simpler 
simulation  haa  presently  been  established  which  can  replace  the  GDC. 
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The  recovery  of  investment  is  a  more  complicated  question.  To  accomplish  the  tests  described  in 
the  preceding  section  requires  a  program  of  the  type  shown  in  Figure  14.  Typically,  this  effort  would  cost 
approximately  $50,000  and  would  establish  the  performance  of  one  developmental  unit  or  qualify  one  flight 
test  missile.  Each  additional  missile  would  be  qualified  at  a  cost  of  $2500.  A  20  mlssila  program  would 
tharafore  cost  approximately  $100,000,  exclusive  of  the  costs  of  the  hardware  supplier  In  maintaining  and 
evaluating  his  equipment.  Sines  the  above  program  would  require  four  months  for  completion,  these  coats 
would  be  another  $100,000  Including  data  reduction  and  evaluation  for  a  total  cost  of  $200,000,  Total  taat 
tima  on  tha  20  mlsallaa  would  ba  600  hour*.  Experience  has  shown  that  a  captive  flight  test  program  run 
extremely  effectively  will  produce  10  hours  of  uaeful  data  per  week,  being  limited  to  daytime  operation  end 
clear  days.  Assuming  that  tha  coeta  of  maintaining  the  teat  range  and  aircraft  era  equivalent  to  those  of 
tha  OUC  (rather  eonaervative) ,  the  flight  teat  program  will  cost  $700,000  and  take  over  one  year  to  complete. 
This  Implies  that  if  we  have  both  capabilities,  1/2  million  dollars  can  ba  saved  on  each  program.  Since  tha 
laboratory  raqulrea  an  Investment  of  approximately  6  million  dollars  to  duplicate,  theee  costs  can  clearly 
be  recovered  in  a  short  time  if  multiple  electro-optical  missile  systems  are  being  developed. 
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Figure  14.  Typical  Schedule  for  8  Week  Evaluation  Period 


This  analysis,  however,  neglects  much  larger  potential  savings.  Since  the  cost  of  many  programs 
is  established  by  the  costa  to  develop  the  configuration  before  flight  test,  the  use  of  the  laboratory  as  an 
evaluation  tool  to  reduca  development  costs  will  have  a  much  greater  return.  One  recent  electro-optical  pro¬ 
gram  required  an  investment  of  over  300  million  dollars  in  eight  years.  Of  this  amount,  five  years  and  160 
million  dollars  were  spent  before  production.  Three  years  were  spent  in  prototype  and  pilot  testing  and  eval¬ 
uation  at  a  cost  of  100  million  dollars.  During  this  time  60  missiles  were  built  and  fired.  Of  these  fir¬ 
ings,  twelve  were  classed  as  • 'partial  successes.”  had  these  flight  been  saved,  a  coat  reduction  of  over  10 
million  dollars  would  have  occurred,  thus  recovering  all  lab  expenses  in  lees  than  two  years. 

FUTURE  DEVELOPMENTS 

The  peat  success  of  the  integrated  lab  approach  to  electro-optical  terminal  guidance  system  test¬ 
ing  will  ensure  its  application  to  other  systems  of  the  future.  This  approach  is  basically  an  extension  of 
inertial  guidance  testing  philosophy  and  has  been  applied  to  other  technologies,  most  notably  1R.  Efforts  are 
underway  to  solidify  a  similar  approach  to  RF  systems.  The  system  laboratory  with  its  inherent  ability  to 
permit  precise  variation  of  system  parameters,  repeatable  and  timely  testing,  and  lower  development  risks  and 
costs  has  become  an  accepted  and  required  ingredient  in  guidance  system  development. 
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GUIDANCE  LAW  APPLICABILITY  FOR  MISSILE  CLOSING 


Dr.  Robert  Goodatain 
Manager,  Guidance  &  Control 
The  Boeing  Company 
Aerospace  Group 
P.  0.  Box  3999 

Seattle,  Washington  98124  USA 


SUMMARY 

Terminal  guidance  analysts  use  a  small  number  of  guidance  law  general  types  to 
produce  missile  ateering  signals  from  sensed  target  Information  leading  to  suitably  close 
miss  distances. 

Miss  distance  variations  for  the  different  guidance  laws  are  displayed  for  an 
air  target  Intercept  as  target  and  missile  characteristics  are  changed. 

A  general  comparison  of  guidance  law  applicability  is  presented  for  air  and 
surface  targets. 

1.  INTRODUCTION 

The  selection  of  a  guidance  law  or  doctrine  for  terminal  homing  is  in  the 
middle  of  the  action  in  guidance  and  control  system  development. 

Between  the  overall  mission  concept  and  the  detailed  selection  of  control  and 
avionica  hardware,  many  trades  and  design  decisions  are  made.  A  key  part  of  the  process 
is  the  selection  of  the  analytical  formulation  for  converting  sensed  target  information 
into  missile  steering  commands.  The  analyst  who  selects  the  formulas  must  consider 
miscion  desires,  avionics  capabilities,  and  cost.  He  must  make  wise  choices  in  counsel 
with  the  other  engineers  and  managers  on  the  program. 

The  guidance  law  la  a  part  of  the  guidance  loop  shown  in  Figure  1,  which 
depicts  the  intimate  involvement  of  many  weapon  system  subsystems.  The  three  basic 
types  of  guidance  laws  will  be  discussed.  The  sensitivity  of  the  performance  of  the 
guidance  laws  to  guidance  loop  subsystem  parameter  variations  will  be  displayed  in  typical 
situations,  Finally,  factors  considered  and  guidance  law  applicability  guidelines  are 
shown  for  air  and  ground  targets, 

The  typical  sensitivity  data  end  the  guidelines  are  Intended  to  assist  analysts 
in  selecting  future  guidance  laws  for  tactical  homing  missiles. 

2.  GUIDANCE  LAW  TYPES 

Three  guidance  law  general  categories  can  be  named,  into  which  all  other  guidance 
lawe  cen  be  forced  to  fit.  Several  modifiers  may  be  required  to  name  apecial  cases,  but 
much  of  the  literature  of  the  past  twenty  yeara  refers  to  Line-o f-Sigh t ,  Pursuit,  and 
Proportional  guidance  as  the  major  guidance  law  types  or  categories. 

The  definitions  used  In  Guidance,  by  Locke  and  his  collaborators  (Van  Nostrand, 
1955)  are  followed  and  illustrated  in  Figure  2  for  the  three  guidance  law  types. 
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A  Llna-of-Sight  missile  guidance  lav  1*  one  In  which  the  mlealle  la  Intended 
to  remain  on  the  line  Joining  the  target  and  a  point  of  control.  The  left  drawing  of 
Figure  2  ahows  the  miaalle  on  the  line-of-aight  at  three  poaltloni  In  the  trajectory.  A 
beam,  optical  or  radar,  for  example,  tracking  the  target  could  Illuminate  a  receiver  In 
the  mlsBlle  and  cause  error  signals  to  be  created  If  the  missile  gets  off  the  beam. 

A  Pursuit  missile  guidance  law  Is  one  In  which  the  missile  velocity  vector  is 
always  directed  towards  the  target.  The  middle  drawing  of  Figure  2  shows  the  missile 
velocity  vector  aimed  at  the  target  In  three  positions  along  the  trajectory.  The 
direction  of  the  missile  velocity  vector  must  be  sensed  to  steer  the  missile  with  this 
guidance  law. 


A  Proportional  guidance  law  is  one  in  vhich  the  rate  of  change  of  missile 
heading  is  made  proportional  to  the  rate  of  rotation  of  the  llne-of-slght  from  the  missile 
to  the  target.  In  the  right  drawing  of  Figure  2,  three  positions  are  shown  in  which  the 
angular  rate  symbol  on  the  llne-of-slght  signifies  a  missile  avionics  measurement  of  the 
llne-of  sight  rate,  lateral  acceleration  commands  ars  proportional  to  the  rate.  For 
constant  speed  of  the  missile  and  target,  and  zero  llna-of-slght  rate,  the  missile  is  on 
a  straight  line  collision  course. 

In  the  three  drawings  of  Figure  2,  the  general  shapes  of  the  trajectories  arc 
similar  and  all  are  Intended  to  look  like  successful  intercepts  are  being  made.  They 
should  look  similar,  since  the  purpose  In  all  is  to  steer  to  Intercept  the  target.  To 
distinguish  different  features,  a  closer  look  is  required  at  the  missions,  target  situa¬ 
tions,  and  avionics  rsqulred  for  each. 

The  llne-of-slght  mission  has  the  target  and  missile  in  view  simultaneously, 
with  steering  signals  proportional  to  the  angle  of  the  missile  off  the  llne-of-slght. 
Missions  are  generally  short  range  -  hundreds  of  yards  to  a  few  miles  -  since  the  missile 
does  not  track  as  it  closes.  A  speed  advantage  for  the  missile  is  rsqulred,  since  there 
Is  no  anticipation  or  lead  in  the  simpler  mechanizations.  Target  maneuvers  will  throw 
large  excursions  into  the  missile  trajectory.  The  avionics  for  the  missile  are  simple. 

For  radar  tracking,  a  rear  facing  antenna  and  the  electronics  to  sort  out  left-right  from 
up-down  displacements  make  up  the  guidance  lew  implementation  required  lteme.  For  optical 
viewing  from  the  launcher,  an  unreeling  wire  attached  directly  to  the  missile  can  be  used 
to  transmit  left-right  and  up-dawn  commends.  With  these  Implementations,  It  Is  necessary 
to  have  the  launcher  reference  system  or  paraonnel  in  the  loop  continually  from  launch 
to  Impact.  Flgura  3  summarizes  the  feature*  of  line-of-alght  guidance. 

With  Pursuit  guidance,  a  mlssileborne  tracker  la  assumed.  MlBslle  range  can 
be  up  to  tens  of  miles  If  guidance  to  acquisition  la  available.  Lock-on  ranges  are 
tracker  limited  to  a  few  miles.  Once  locked  on,  the  missile  la  on  its  own  and  any  mid¬ 
course  guidance  system  attention  can  be  discontinued.  The  direction  of  the  velocity 
vector  V  of  the  mlealle  la  intended  to  point  at  the  target,  and  lateral  acceleration  a 
steering  commands  proportional  to  the  angular  deviation  6  are  Issued’  to  bring  this  about, 
at  shown  In  Figure  4.  Inertial  sensors,  wind  vanes,  or  angle  of  attack  meters  can  be 
used  for  velocity  vector  direction  establishment.  For  small  angles  of  attack,  a  modifi¬ 
cation  of  pursuit  guidance  Is  to  simply  point  the  centerline  of  the  missile,  referenced 
to  the  tracker,  at  the  target.  Non-zero  lead  angleB  can  be  mechanized  to  assist  with 
relatively  feat  targets  or  for  proximity  or  altitude  fuzing  situations  in  which  the  war¬ 
head  position  relative  to  the  target  is  significant.  Even  with  such  mechanizations,  the 
act  of  simply  looking  and  pointing  can  frequently  be  implemented  with  simple  missile 
processing. 
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Figure  3 


Figure  4 


Proportional  guidance  is  the  type  used  in  somewhat  more  difficult  guidance 
situations.  The  rapid  sensing  and  reaction  to  target  maneuvering  makes  this  law  more 
desirable.  As  shown  in  Figure  5,  the  angular  rate  9  of  the  line-of-alght  to  the  target, 
determined  by  a  missile  tracker,  must  be  sensed  on  the  missile.  Lateral  acceleration  a 
is  proportional  to  the  rate.  The  proportionality  constant  K  is  varied  to  make,  the  missile 
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attain  the  degree  of  respons iveneas  which  la  compatible  with  Its  response,  tracker  noise, 
target  signal  noise,  and  target  maneuver  capability.  The  requirement  to  measure  llne-of- 
slght  rate  and  produce  steering  commands  In  anticipated  difficult  tracking  situations 
generally  causes  a  complex  data  processing  task  for  the  missile  avionics. 

The  three  laws  described  above  will  be  applicable  and  selected  in  different 
situations.  Differences  In  their  ability  to  produce  results  will  be  studied  next. 

3.  GUIDANCE  LAW  SENSITIVITY 

The  use  of  a  particular  guidance  law  in  a  particular  application  depends  on 
whether  It  can  provide  small  miss  distances.  Until  the  miss  distances  are  small  enough, 
cost,  complexity,  and  all  the  other  pertinent  parameters  do  not  enter  into  consideration. 

To  show  how  miss  distance  can  vary  In  a  particular  situation  with  guidance  law 
choice,  a  simulation  was  performed  for  an  air  target.  The  missile  and  target  models  used 
represent  no  particular  system,  and  the  terminal  sensor  can  be  considered  as  a  radar, 
Infra-red,  or  optical  homer.  A  set  of  nominal  conditions  was  selected  for  the  start  of 
the  final  homing  phase  and  different  engagement  parameters  were  varied  for  each  of  the 
three  guidance  laws.  In  this  way,  the  sensitivity  of  the  guidance  laws  themselves  can 
be  determined  and  displayed. 

The  nominal  conditions  of  the  engagement  are  displayed  in  Figure  6.  The  Inter¬ 
ceptor  to  the  left  Is  assumed  to  have  a  speed  VM  of  2000  ft/se^c  and  be  five  degrees  off 
the  line-of-s igh t  to  the  target  in  a  top  view,  The  analysis  Is  for  the  horizontal  plane 
only.  The  range  at  simulation  start  la  10,000  ft.  The  speed  V„  of  the  target  at  the 
right  of  Figure  6  Is  assumed  to  be  constant  at  1,000  fps,  at  zero  degrees  with  the  llne- 
of-sight,  so  that  the  nominal  engagement  time  is  about  three  and  a  half  seconds. 
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The  parameters  studied  for  their  effect  on  miss  distance  as  a  function  of 
guidance  law  are  shown  in  the  bones  of  Figure  6.  They  are:  initial  heading  of  the 
target,  varied  off  the  1 ine-o f -s i gh t ;  target  speed;  magnitude  of  target  acceleration  for 
evasion  capability,  measured  as  a  target  turn  capability  to  the  target’s  right;  sensor 
bias  in  the  measurement  of  the  line-of-s ight  angle;  sensor  noise  from  all  sensor  causes 
at  two  different  levels  of  target  generated  noise;  and  the  average  magnitude  of  a  wind 
gust  from  one  side  whose  instantaneous  magnitude  is  a  random  function  of  time, 

The  simulation  results  will  now  be  displayed.  To  obtain  the  data,  the  para¬ 
meter  whose  sensitivity  was  under  investigation  was  varied  as  indicated  in  the  curves, 
and  several  digital  computer  runs  at  several  parameter  values  for  each  guidance  law  were 
made.  The  root-mean-square  (RMS)  miss  distance  in  the  horizontal  plane  at  closest  approach 
of  several  runs  for  each  condition  is  plotted.  The  mean  value  of  the  miss  distances  can 
be  a  very  significant  parameter  but  is  not  reported.  A  tight  grouping  of  miss  distances 
with  all  misses  to  the  same  side  can  produce  far  different  target  kill  effects  than  a 
scattering  of  misses  with  average  value  zero, 

The  sensitivity  of  the  guidance  laws  to  target  heading  is  shown  In  Figure  7. 

The  proportional  guidance  law  use  of  1  ine-of-a igh t  rate  measurement  produces  larger 
corrective  action  earlier  than  the  line-o f -s i ght  law  or  the  pursuit  law.  The  latter  two 
respond  too  late  when  the  missile  is  not  going  to  come  pretty  close  as  the  last  few 
seconds  begin,  For  the  case  of  the  target  at  twenty  degrees  off  the  1 ine-o f -s igh t ,  if 
both  missile  and  target  kept  on  straight  line  courses,  the  miss  would  be  about  1500  feet, 
indicating  that  control  authority  is  not  limiting  the  reduction  of  miss  distance. 

When  plotted  to  the  scale  of  100  feet  for  maximum  miss  distance,  the  sensitivity 
of  thex gu idance  laws  to  target  velocity  over  a  range  between  zero  and  double  the  nominal 
speed  seems  small,  as  shown  in  Figure  8.  Close  examination  shows,  however,  that  the 
proportional  guidance  law,  subject  to  the  errors  in  angle  rate  measuiement,  produces  a 
larger  miss  distance  than  the  other  laws  as  target  speed  Increases. 


GUIDANCE  LAW  SENSITIVITY  TO  TARGET  HEADING 


GUIDANCE  LAW  SENSITIVITY  TO  TARGET  SPEED 


Figure  8 


If  the  terget  vehicle  turn*  away  from  the  missile,  the  proportional  guidance  law 
is  able  to  command  effective  response  to  the  target  acceleration  sooner  than  the  line-of- 
sight  or  pursuit  laws.  Figure  9  shows  that  as  target  acceleration  Increases,  all  the 
guidance  laws  produce  commands  which  lead  to  similarly  increasing  miss  distance  magnitudes 
However,  if  the  gain  for  proportional  guidance  is  raised  by  one-third,  the  miss  distances 
fall  noticeably,  as  shown  in  the  lowest  curve  marked  as  having  a  higher  proportionality 
constant.  Similar  changes  to  the  1 ine- of-s igh t  and  pursuit  laws  do  not  produce  similar 
Improvements. 


For  llne-of-slght  and  pursuit  guidance,  which  depend  on  steering  directly  at 
the  target,  increasing  bias  errors  in  line-of-s ight  measurement  will  cause  increasing 
misa  distances.  Bias  errors  in  the  1 ine- of-s igh t  measurement  can  come  from  mechanical 
installation,  boresight  procedures  and  changes,  radome  errors,  electronic  component 
changes,  and  mechanical  changes.  The  proportional  guidance  law,  however,  is  essentially 
insensitive  to  bias  errors,  since  they  produce  no  angle  rate  error.  Figure  10  Illustrates 
the  trends. 


GUIDANCE  LAW  SENSITIVITY  TO  TARGET  ACCELERATION 
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Figure  9  Figure  10 

While  the  proportional  guidance  law  can  handle  a  fixed  or  bias  angle  error,  it 
is  susceptible  to  causing  erroneous  steering  signals  from  noisy  angle  sensing  leading  to 
very  noisy  angle  rate  information.  Figure  11  displays  the  effects  of  sensor  noise  on 
mlus  distance,  showing  line-o f-s i gh t  and  pursuit  guidance  to  be  leas  affected  by  the 
angle  noise.  The  solid  curves  are  for  sensor  noise  with  no  glint  or  noise  from  the  target 
When  target  noise  is  added,  which  increases  in  angular  effect  as  the  missile  closes,  the 
proportional  guidance  law  miss  distances  are  increased  substantially,  but  the  angle-only 
laws  are  not  affected,  as  shown  by  the  dashed  curves , 

The  slow  response  of  the  line-o f- s igh t  guidance  law  to  wind  gusts  is  shown  in 
Figure  12.  With  pursuit  guidance,  with  its  sensing  of  the  velocity  vector  direction,  and 
proportional  guidance,  in  which  the  1 ine-of -s 1 gh t  rate  change  io  detected  quickly  when 
the  missile  is  blown  off  course,  there  is  less  sensitivity  to  the  wind. 

The  simulation  and  results  described  are  of  preliminary  nature,  since  many  more 
details  are  added  to  the  simulation  of  a  particular  system  and  several  more  parameters  are 
varied.  However,  the  trends  are  useful  and  can  provide  guidelines  to  the  applicability 
of  the  different  guidance  laws  for  air  target  situations. 
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Figure  11 


Figure  12 


4.  CUIDANCE  LAW  APPLICABILITY 

A  tabulation  of  the  results  of  a  sensitivity  study  can  lead  to  guidelines  for 
guidance  lav  applicability.  The  study  results  for  air  targets  are  displayed  in  Figure  13, 
with  a  performance  rating  assigned  to  the  sensitivity  of  each  guidance  law  to  the  para¬ 
meters  varied. 

The  1 ine-of -s igh t  and  pursuit  laws  are  seen  to  have  poor  or  average  performance 
in  several  categories.  The  avionics  equipment  coat  and  complexity  is  less  for  these  laws 
than  for  proportional  guidance.  The  proportional  guidance  performance  is  good  in  all 
categories  except  in  its  response  to  noise.  Angle  rate  measurement  noise,  homing  sensor 
noise,  and  target  noise  all  cause  responsiveness  which  generates  Bteerlng  signals  driving 
the  missile  all  over  the  sk,y. 

If  the  guidance  constant  is  set  for  low  gain  in  proportional  guidance,  performance 
is  poor  against  maneuvering  targets.  For  high  gain,  performance  is  good  against  maneuvering 
targets  but  poor  against  noisy  targets,  The  simulation  data  required  for  such  items  as 
gain  setting  frequently  involves  cro as -p lo t t lng  two  sensitivity  curves  or  applying  more 
than  one  parameter  change  at  a  time.  The  combinations  are  endless.  One  set  of  curves 
which  deals  with  gain  constant  establishment  is  shown  in  Figure  14.  The  increase  in  miss 
distance  from  nolae  with  increasing  gain  and  the  decrease  in  miss  distance  from  target 
acceleration  with  increasing  gain  suggest  a  compromise  setting  for  the  gain  constant. 


GUIDANCE  LAW  TRENDS  FOR  AIR  TARGETS 
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Figure  13 


Figure  14 


A  guidance  law  analyst  should  select  the  lowest  cost,  simplest,  guidance  law 
which  can  meet  miss  distance  or  kill  probability  requirements .  Against  air  targets, 
simpler  engagement  situations  can  use  1  ine-o  f-s  i  gh  t  or  pursuit  guidance.  Frcipor  tional 
guidance  is  employed  for  more  difficult  engagements. 

When  the  straightforward  implementation  cannot  provide  sufficient  performance, 
modifications  may  be  required,  at  the  expense  of  additional  equipment  and  complexity.  Two 
examples  of  modifications  to  proportional  guidance  are  shown  in  Figure  15.  There  ore 
advantages  to  adding  a  bias  to  the  steering  signal,  as  listed.  The  bins  can  bring  the 
missile,  more  nearly  into  a  head-on  situation,  assisting  against  fast  targets  and  missile 
loss  of  speed  due  to  control  application.  Some  targets  ore  more  vulnerable  to  warhead 
effects  from  the  top  or  bottom,  and  a  correct  bins  can  make  the  missile  arrive  early  or 
late  -  high  or  low  -  for  an  anticipated  target  and  closing  Reometry.  Another  technique 
in  use  is  to  change  the  guidance  constant  as  a  function  of  time-to-go  to  intercept.  This 


reduces  control  activity  and,  with  it,  power  consumption  and  speed  loss.  For  high  gain 
at  the  end,  the  missile  calls  for  highest  accelerations  to  close  on  the  target.  Many 
other  such  variations  have  and  will  be  conceived  and  used  by  guidance  analysts. 


In  the  same  manner  as  sensitivity  studies  and  applicability  trends  for  guidance 
laws  with  air  target  situations  have  been  studied,  studies  of  surface  targets  can  be  per¬ 
formed.  Target  motion  is  not  involved.  The  presence  of  the  land  or  sea  can  call  for  war¬ 
head  detonation  above  the  target  In  some  cases,  rather  than  impact,  as  an  additional 
considers  tion . 

In  Figure  16,  a  tabulation  of  general  trends  of  guidance  law  performance  against 
surface  targets  is  displayed.  For  l.ine-of-s  igh  t  steering  to  the  target,  the  trajectory 
tends  to  flatten  and,  for  low  approaches,  raises  the  probability  of  clobber.  Sensor  angle 
bias  has  a  similar  effect  on  line-of-s igh t  and  pursuit  guidance.  The  over-all  assessment 
leads  to  pursuit  and  proportional  guidance  navin„  similar  performance.  With  smaller 
avionics  costs,  pursuit  guidance  is  frequently  chosen  over  proportional  for  surface  targets 

PROPORTIONAL  GUIDANCE  LAW  VARIATIONS  GUIDANCE  LAW  TRENDS  FOR  SURFACE  TARGETS 
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As  with  air  targets,  many  va  iatlons  are  uBcd.  Applying  a  bias  to  the  steering 
signal  when  still  far  from  the  target  ,'to”  jes  a  higher  trajectory  shown  in  Figure  17. 
This  leads  to  less  chance  of  clobber,  a  better  view  of  ifhe  target,  and,  in  some  cases, 
much  improved  warhead  lethality. 

PURSUIT  GUIDANCE  LAW  VARIATION 
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5.  CONCLUSION 

In  a  tactical  weapon  system  development,  a  guidance  law  must  be  selected  and  Impl 
mented  along  witn  all  other  hardware  and  software  elements.  The  guidance  law  analyst  works 
with  all  members  of  the  design  team.  He  must  be  able  to  work  from  simple  to  very  complex 
analyses  and  simulations,  to  provide  preliminary  and  firm  requirements  and  designs. 

The  background  of  missile  system  developments  of  the  past  twenty-five  years  has 
shown  certain  laws  to  be  applicable  In  air  target,  surface  target,  missile  homing,  and 
surface  tracking  situations.  Some  of  these  have  been  displayed  and  discussed  In  a  typical 
example.  For  any  specific  weapon  system,  the  details  and  desires  will  change  but  the 
trends  are  likely  to  persist. 

The  greatest  changes  in  guidance  law  selection  for  future  systems  will  likely 
result  from  the  rapid  advances  in  digital  components  and  devices.  Both  surface  pre-launch 
data  processing  and  oil-board  real  time  functions  will  be  able  to  be  performed  with  small, 
low  power,  reliable  computing  elements.  For  the  same  or  smaller  power,  weight  and  cost, 
we  will  see  guidance  analysts  supplying  ever  more  sophisticated  and  flexible  guidance 
laws  which  will  provide  better  missile  performance  and  greater  leeway  in  other  subsystem 
performance. 
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SUMMARY 


Inertial  technology  provides  a  self-contained  guidance  capability  applicable  Lo  tactical  air- 
to-ground  missiles,  The  basic  inertial  system,  which  consists  of  accelerometers,  gyros  and  a  computer,  is 
immune  to  outside  Interference,  and  therefore  ideally  suited  to  military  applications  in  a  hostile  environ¬ 
ment,  Inertial  technology  has  progressed  to  a  point  where  equipment  size  and  cost  are  within  reason  for 
use  with  the  tactical  missile.  This  paper  tutorlally  presents  the  basic  principles  and  limitations  of 
inertial  guidance,  including  theory  of  operation,  and  physical  and  analytic  coordinate  system  stabilization. 
Sources  of  error,  and  the  propagation  of  these  errors  are  described.  Various  methods  of  alignment,  and 
system  mechanization  are  considered.  The  state  of  the  art,  and  the  research  and  development  process  for 
inertial  systems  is  discussed.  Factors  influencing  the  research  and  development  process  are  identified 
along  with  the  relationship  between  inertial  system  reliability  and  cost, 

1.  INTRODUCTION 

Guidance  is  the  art  of  making  modifications  in  the  direction  of  motion  and/or  speed  of  a  vehicle, 
based  on  an  estimate  of  present  position  relative  to  the  desired  destination,  It  may  be  as  simple  as  riding 
a  radio  beam  or  as  sophisticated  as  utilizing  the  outputB  of  several  measurement  sources  in  an  optimal 
fashion.  For  military  applications,  there  are  obvious  reasons  for  specifying  a  guidance  system  which  is 
immune  to  outside  interference,  or  at  least  highly  resistive  to  such  contamination.  A  self-contained  system, 
that  is,  one  which  does  not  require  externally  derived  information  for  its  operation,  meets  this  requirement, 
A  guidance  system  based  on  measured  airspeed,  magnetic  beading  and  a  clock  is  an  example  of  a  self-contained 
system.  Circumstances  often  make  such  a  system  inadequate  or  unsatisfactory,  and  require  externally  meas¬ 
ured  quantities  to  be  combined  with  those  of  the  self-contained  system.  Although  such  a  system  may  be  less 
immune  to  enemy  interference,  the  likelihood  of  such  disturbances  occurring  can  be  minimized  by  the  proper 
selection  of  externally  derived  information.  As  an  example,  a  single  radar  position  fix  taken  at  a  low 
altitude  offers  little  opportunity  for  an  enemy  to  introduce  spurious  information  into  the  system.  Because 
of  the  desirability  of  immunity  to  outside  interference,  the  remainder  of  this  discussion  will  be  focused 
on  self-contained  systems  and  selected  aided  systems  appropriate  t.o  tactical  missile  guidance. 

Figure  1  is  a  generalized  block  diagram  showing  the  functions  necessary  in  missile  guidance. 
Starting  with  observations  or  measurements  of  quantities  such  as  acceleration,  range,  time,  elevation,  etc., 
a  particular  state  or  status  of  the  missile  can  be  determined.  This  state  is  then  compared  with  the  desired 
or  nominal  state,  and  a  command  is  issued  to  the  vehicle  reducing  deviation  between  the  estimated  and  nom¬ 
inal  states.  For  all  guided  missile  systems  these  same  functions  must  be  accomplished,  i,e,  observations, 
determination  of  state,  deviation  from  the  nominal,  and  initiation  of  corrective  action.  This  process  can 
be  of  a  continuous  or  intermittent  nature. 


GUIDED  MISSILE  FUNCTIONAL  BLOCK  DIAGRAM 
FIGURE  1 

For  a  completely  self-contained  guidance  system,  the  common  observable  quantities  available  for 
guidance  of  missiles  are  pressure  altitude,  speed  through  the  air  mass,  magnetic  heading,  g>roscopic  atti¬ 
tude,  linear  acceleration,  and  time.  Pressure  altitude  and  air  speed  require  compensation  as  a  result  of 
changes  in  atmospheric  conditions.  Magnetic  variations  exist  as  a  function  of  geographic  location  and  are 
of  limited  use  in  the  polar  regions.  While  guidance  systems  utilizing  those  basic  measurement,  quantities 
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can  have  application  to  tactical  missile  guidance,  the  inherent  accuracy  limitations  of  such  systems  impose 
strict  range  and  operational  constraints.  As  a  result  much  interest  has  been  focused  on  Inertial  sensors 
which  can  provide  an  accurate  indication  of  linear  acceleration  and  vehicle  attitude  relative  to  a  stable 
coordinate  system,  Inertial  systems  can  also  place  constraints  on  Lhe  missLle  systum  and  often  require 
externally  derived  information  for  satisfactory  operation.  However,  experience  has  shown  inertiaL  compo¬ 
nents  and  technology  to  be  vital  in  a  wide  variety  of  missile  guidance  concepts. 

inertial  components  have  been  with  us  for  more  than  forty  years  in  the  form  nf  gyroscopic  sta¬ 
bilizers,  but  it  has  only  been  In  recent  years  that  this  technology  has  been  applied  widely  to  navigation 
and  guidance  of  airborne  vehicles,  today  inertial  systems  arc  used  in  commercial  airliners,  space  vehicles, 
under  water  and  surface  ships,  and  military  aircraft  and  missiles.  A  review  of  the  basic  principles  asso¬ 
ciated  with  inertiai  technology  will  provide  a  means  of  highlighting  the  problems  and  limitations  imposed 
by  the  requirements  of  tactical  missiles. 

2.  PRINCIPLES  OF  INERTIAL  GUIDANCE 

An  Inertial  system  consists  functionally  of  accelerometers  and  integrators,  gyros,  a  gravita¬ 
tional  computer  and  a  time  reference.  The  accelerometers  are  the  primary  sensing  devices  of  an  inertial 
system.  Nougravitational  accelerations,  as  sensed  by  these  devices,  and  gravitational  accelerations,  as 
provided  by  the  gravitational  computer,  are  integrated  with  respect  to  time  to  yield  velocity  and  position 
information.  A  set  of  gyros  is  used  to  provide  a  computational  frame  of  reference  whose  orientation  is 
known  with  respect  to  inertial  space.  Each  of  these  functional  elements  will  be  further  explained  in  the 
following  discussion. 

The  accelerometev  can  be  represented  sb  indicated  in  Figure  2.  it  consists  of  a  case  or  housing 
and  a  test  mass  constrained  by  springs.  A  force  applied  to  the  caae  wi'  cause  a  displacement  of  the  mass 
from  its  neutral  or  zero  acceleration  position.  The  magnitude  of  the  displacement  is  proportional  to  the 
force  applied.  An  accelerometer  is  sensitive  to  specific  force,  i.e.  the  forces  resulting  from  lift,  drag 
and/or  thrust.  The  accelerometer  cannot  sense  gravity  acceleration.  This  point  can  be  visualized  by  the 
following  example.  An  Ideal  accelerometer  placed  in  a  free  fall  environment  would  indicate  zero  accelera¬ 
tion,  Bince  the  only  force  upon  it  is  that  due  to  mass  attraction.  This  attraction  creates  an  equal  accel¬ 
eration  on  both  the  accelerometer  case  and  test  mass.  On  the  other  hand,  an  accelerometer  held  stationary 
with  respect  to  the  earth  and  having  its  input  axis  aligned  with  the  vertical  will  indicate  a  one  "g" 
acceleration,  i.e.  the  test  mass  will  become  displaced  from  its  neutral  position  an  amount  equivalent  to 
one  "g" ,  The  accelerometer  is  indicating  the  specific  force  or  lift  required  to  restrain  the  accelerometer 
in  a  stationary  position.  Since  an  accelerometer  cannot  sense  gravitational  acceleration,  gravitational 
acceleration  must  be  accounted  for  in  the  computation  of  velocity  and  position.  The  magnitude  and  direction 
of  gravity  is  calculated  and  added  to  an  appropriate  point  in  the  system.  This  point  will  be  clarified 
further  in  the  discussion  on  mechanizations. 
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ACCELEROMETER  REPRESENTATION 
FIGURE  2 

Assuming  an  orthogonal  accelerometer  arrangement*  velocity  and  position  can  he  calculated  as 
shown  in  Figure  3,  where  A  is  acceleration  due  to  a  specific  force,  g  is  the  gravitational  acceleration, 

V  is  speed  and  P  is  position.  The  subscript  X,  Y,  and  Z  identify  the  particular  component  while  the  sub- 
script  o  defines  the  conditions  at  times  equal  9.  The  accelurometers  provide  the  necessary  measured  data 
to  compute  the  system’s  velocity  and  position  in  a  cartesian  coordinate  system.  Notice  that  the  component 
values  of  g  must  be  known,  or  calculated.  This  coordinate  system  must  be  isolated  either  physi  :ally  or 
analytically  from  the  pitch,  roll  and  yaw  motions  of  the  vehicle.  Most  aircraft  and  missile  inertial  navi¬ 
gation  systems  have  used  the  physical  isolation  approach  and  will  therefore  bu  discussed  first. 

The  characteristics  of  rigidity  and  precession  exhibited  by  a  gyro  provides  a  practical  method 
of  maintaining  this  coordinate  system  isolated  from  the  dynamic  behavior  of  the  vehicle,  Remembering  that 
a  gyro  Ls  sensitive  to  angular  rotation,  Figure  4  illustrates  symbolically  a  singLe  channel  stabilized 
computational  system.  The  gyro  senses  rotations  induced  by  the  vehicle  and  provides  a  signal  to  the  actuator 


4.b.-3 


which  repositions  the  platform  so  that  the  stable  platform  and  thus  the  accelerometer  input  axis  remains 
fixed  relative  to  inertial  space.  Three  gyros  placed  orthogonally  on  this  platform,  along  with  additional 
gimbalj  and  actuators,  would  provide  complete  isolation  of  the  platform  from  vehicular  motion.  The  resulting 
computational  coordinate  system  fixed  in  inertial  space  would  permit  X,  Y,  and  Z  components  of  velocity  and 
position  to  be  calculated.  Since  the  inertial  components  ara  essentially  rotationally  fixed  with  respect  to 
inertial  space  they  need  not  be  designed  to  tolerate  large  angular  rotations.  This  is  an  important  point 
when  comparing  glmballcd  and  strapdovn  systems,  aa  will  become  evident  in  later  dieeussions.  For  convanience, 
the  position  and  velocity  data  could  be  converted  to  an  aarth-coordinata  system  through  the  solution  of 
transformation  aquations.  Anotnar  approach  would  be  to  control  the  platform's  orientation  such  that  the 
input  axes  of  two  of  the  accelerometers  are  maintained  in  the  horizontal  plane,  while  the  third  remains 
vertical.  In  addition,  the  platform  could  be  rotated  about  the  vertical  such  that  one  horizontal  acceler¬ 
ometer  is  always  pointed  in  a  north  direction,  Thla  mechanization  provides  for  direct  computation  of  posi¬ 
tion  in  an  earth-centered  latitude-longitude  coordinate  syetem.  This  mechanization,  culled  a  north-seeking 
local-level  system  would  have  advantages  and  disadvantages  relative  to  the  previously  described  apace- 
oriented  mechanization.  Before  proceeding  with  the  description  of  the  tangent  plane  mechanization,  which 
is  quite  appropriate  for  short  range  tactical  missile  applications,  several  points  can  be  made  concerning 
apace-orlanted  and  local-level  mechanizations. 


ORTHOGONAL  COORDINATE  SYSTEM 
FIGURE  3 
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The  first  point  concerns  the  calculation  of  acceleration  due  to  earth's  gravity.  Aa  mentioned 
previously,  gravitational  acceleration  must  be  accounted  for  prior  to  determining  velocity  and  position, 
tn  the  local-level  mechanization  the  vertical  channel  is  the  only  one  requiring  compensation,  since  the 
platform  is  continuously  torqued  such  that  the  gravitational  vector  is  coincident  with  the  vertical  accel¬ 
erometer  Input  axis.  The  space-oriented  mechanization  on  the  other  hand  can  experience  gravitational  accel¬ 
eration  in  each  of  its  axes.  Therefore  this  mechanization  requires  a  computer  for  gravity  compensation  in 
all  three  computational  channels.  While  errors  in  inertial  components  have  not  been  discussed  as  yet,  it 


is  appropriate  to  mention  at  this  time  that  the  rotation  of  the  gravitational  vector  relative  to  the  com¬ 
ponents  axes  also  require  a  more  sophisticated  inflight  calibration  procedure  to  minimize  error  due  to  g 
sensitivity.  This  source  of  error,  aa  well  as  others,  will  be  attended  to  in  a  later  section. 

Let  ua  now  return  to  the  tangent  plana  mechanization.  In  this  system  the  stable  element  or 

platform  is  maintained  in  its  initial  orientation,  with  respect  to  en  earth  fixed  point;  the  launch  point. 

For  the  tactical  missile  application  this  mechanization  has  as  advantages,  (1)  ths  target  ia  fixed  with 
reapect  to  tha  computational  reference,  (2)  the  torqueing  rates  ere  reduced  over  thoee  of  the  local-level 
system,  end  (3)  tha  tangent  plane  system  la  more  compatible  than  the  space-oriented  system  vhan  being  air¬ 
borne  aligned  with  a  locally-level  aircraft  inertial  system.  The  selection  of  a  mechanization  for  a  par¬ 
ticular  tactical  missile  system  requires  a  detailed  investigation  of  the  various  advantages  and  limitations 
of  each.  Tabla  1  provides  a  comparison  of  soms  of  these  considerations  for  thrse  common  mechanizations. 
Having  reviewed  gimballed  mechanizations,  vhich  provide  e  physical  method  of  isolating  the  computational 
reference  system  from  vehicle  motion,  it  is  appropriate  at  this  time  to  examine  analytical  isolation  or 
“tha  atrspdovn  system". 

A  strapdown  inertial  system  is  one  in  which  the  basic  inertial  sensors  ere  mounted  directly  to 

the  vehicle  structure.  In  this  case  it  is  evident  that  the  coordinate  system  in  which  measurements  are 

taken  is  constantly  changing  due  to  vehicle  motion  about  its  axis  systems.  In  theory  thia  presents  no 
problem.  Gyro's  mounted  orthogonally  on  the  vehicle  structure  can  directly  measure  vehicle  angular  rates. 
This  output,  when  Integrated  yields  vehicle  attitude  with  respect  to  the  initial  attitude.  Knowing  atti¬ 
tude,  the  accelerometer  outputs  can  be  converted  to  a  desired  computational  reference  frame  through  a 
coordinate  transformation.  Several  practical  problems  exist,  however,  in  the  implementation  of  a  strap- 
down  system  for  tactical  missiles.  As  was  mentioned  In  previous  discussion,  systems  which  incorporate  a 
stable  platform  Isolate  the  precision  inertial  components  from  vehicle  roll,  pitch,  and  yaw.  The  strap- 
down  system  requires  its  components  to  function  over  the  full  dynamic  range  of  the  missile.  Angular  rates 
of  several  hundred  degrees  per  second  can  be  experienced  during  launch  and  separation.  The  conventional 
strapdown  technique  would  require  torqueing  of  the  gyro  at  vehicle  rates  to  prevent  the  gyro  from  exceeding 
its  inner  glmbal  limits.  The  error  drift  rate  of  these  components  will  increase  significantly  with  in¬ 
creased  torqueing  requirements.  Errors  on  the  order  of  2-3  parts  per  million  might  well  be  experienced. 
Concepts  relying  on  electrostatic  gyros  and/or  laser  gyros,  which  do  not  require  torqueing,  may  well  pro¬ 
vide  the  solution  to  this  problem  of  high  vehicle  angular  rates. 

The  electrostatic  gyro  is  basically  a  spinning  sphere  electrically  suspended  in  a  housing  or 
case.  Just  as  in  conventional  gyros  the  spinning  mass  tends  to  maintain  its  position  in  inertial  space. 
Providing  an  all-attitude  read  out  to  locate  the  case  position  relative  to  the  spinning  ball  yields  a 
direct  indication  of  vehicle  attitude  and  eliminates  both  torqueing  and  integration  on  angular  rates.  Just 
as  in  the  space-oriented  mechanization  discussed  earlier,  this  indicated  vehicle  attitude  is  with  respect 
to  a  coordinate  system  fixed  in  space.  Thia  same  instrument  shows  promise  aa  a  multi-sensor,  l.e.  it  can 
be  designed  in  such  a  way  as  to  also  provide  acceleration  information.  This  could  be  an  attractive  concept 
from  a  cost  standpoint.  The  laser  gyro  offers  many  of  the  same  advantages  as  the  elactroetatic  gyro,  how¬ 
ever,  it  is  totally  different  In  concept. 

The  laser  gyro  operates  on  the  principal  that  the  apparent  path  lengths  of  two  counter  rotating 
laser  beams  will  differ  in  proportion  to  the  inertial  rotational  rate  of  the  instrument.  Figure  5  depicts 
the  basic  laser  gyro.  Two  oscillators,  one  that  has  energy  traveling  clockwise,  and  one  that  haa  energy 
traveling  counterclockwise,  along  with  reflectors  and  light  amplifying  material  comprise  the  laser  gyro. 
Rotation  of  the  laser  assembly  about  its  input  axis  changes  the  effective  path  length  for  each  oscillator; 
increasing  path  lengths  for  the  energy  traveling  in  the  same  direction  as  the  assembly  rotation,  and  de¬ 
creasing  the  path  length  for  that  energy  traveling  opposite  to  assembly  rotation.  This  difference  in  path 
length  creates  a  frequency  shift  In  tha  oscillators.  Using  phase  shift  detectors,  the  direction  and  magni¬ 
tude  of  assembly  rotation  can  be  determined.  Since  there  is  no  torqueing  involved,  the  laser  gyro,  like 
the  electrostatic  gyro,  may  provide  the  necessary  capability  for  strapdown  Inertial  guidance  of  tactical 
missiles. 


LASER  GYRO  SCHEMATIC 
FIGURES 
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Elimination  of  gimbals  through  the  use  of  a  strapdown  system  could  well  result  In  a  reduction 
In  system  cost  and  size.  If  a  crossover  point  does  exist,  as  suggested  by  the  curves  of  Figure  6,  strap- 
down  systems  could  well  be  the  system  of  the  future  for  tactical  missiles. 


COST  TRENDS 
FIGURE  6 

3.  ERROR  SOURCES  AND  PROPAGATION*!  CHARACTERISTICS 

As  described  In  a  previous  section,  an  Inertial  system  consists  of  acceleration  sensors,  inte¬ 
grators,  a  stabilized  coordinate  system  (physical  or  analytic)  and  a  gravitational  computer,  The  errors 
involved  in  the  estimation  of  present  position,  velocity  and  attitude  can  be  divided  into  two  general 
classifications!  instrument  or  sensor  errors  and  initial  condition  errors,  Figure  7a  represents  a  block 
diagram  of  a  single-axis  inertial  system.  Figure  7b  is  the  error  block  diagram  for  the  same  system  showing 
instrument  and  initial  condition  errors,  Initial  condition  errors  represent  the  uncertainties  which  exist 
at  the  time  navigation  is  initiated.  For  a  ground  aligned  system,  initial  condition  errorn  are  usually 
small  and  relatively  unimportant  compared  with  Instrument  type  error  sources.  A  simple  error  model  for  the 
accelerometer  is  shown  in  Figure  8,  It  should  be  noted  that  the  accelerometer  error  model  is  sensitive  to 
accelerations  and  therefore  to  the  trajectory.  The  gyro  in  also  sensitive  to  fixed  bias  errors  and  tra¬ 
jectory  induced  accelerations.  Three  gyro  error  sources  considered  in  determining  the  performance  of  an 
inertial  system  are  bias  drift,  maaa  unbalance  and  nnisoelasticity , 

s*i  ‘  R  +  Vi  +  Vs  +  SAiV 

where  is  drift  rate  about  an  input  axis,  A^,  As  are  the  components  of  specific  acceleration 
along  the  input  and  spin  axes.  A  is  a  bias  error  which  exists  independent  of  trajectory.  The 
propagation  of  error  due  to  the  remaining  two  error  sources,  mass  unbalance,  II,  and  anlaoelas- 
ticity,  S,  is  dependent  on  trajector-'  and  has  units  of  degrees  per  hour  per  g  and  degrees  per 
hour  per  respectively . 

Referring  to  Figure  9,  consider  a  gyro  vhoBe  center  of  mass  is  displaced  along  the  spin  reference  axis,  SPA, 
and  which  la  being  subjected  to  an  acceleration  normal  to  the  output  axis,  OA,  The  error  torque  about  the 
OA  resulting  from  this  mass  unbalance  will  vary  depending  on  the  acceleration  experienced  by  the  instrument. 
Similarly,  a  maaa  unbalance  along  the  input  axle,  and  an  acceleration  along  the  spin  axis  will  create  an 
error  torque  about  the  output  axis.  Anisoelastic  errorB  result  from  a  shift  in  center  of  mass  under  the 
influence  of  acceleration.  Referring  to  Figure  10,  the  gyro  center  of  mass  is  displayed  along  the  SRA  by 
an  acceleration  along  this  axis.  Acceleration  normal  to  the  output  axis  results  in  an  error  torque  as  dis¬ 
cussed  for  maas  unbalance,  Again  the  mess  shift  could  occur  due  to  an  acceleration  along  the  input  axis, 
and  in  this  case  an  error  torque  would  result  if  an  acceleration  were  experienced  along  the  spin  axis,  An 
equal  or  isoelastlc  shift  along  both  the  spin  and  Input  axis  would  result  in  a  zero  error  torque.  In  all 
cases,  an  error  torque  about  the  OA  results  in  drifting  about  the  IA. 

The  error  models  as  described  here  represent  but  a  few  of  the  total  errors  which  contribute  to 
inertial  system  error  propagation.  They  do  not  point  out  the  importance  of  trajectory  on  component  error, 
and  suggest  that  in  the  presence  of  high  g'a  there  may  be  some  advantage  to  preferential  orientation  of  the 
platform  to  minimize  error.  Aa  an  example,  anisoelastic  and  mass  unbalance  error  can  be  eliminated  if  the 
gyro  la  positioned  in  such  a  way  as  to  experience  acceleration  along  only  its  OA.  Such  an  orientation  1b 
shown  in  Figure  11  where  two  of  the  three  gyros  are  positioned  with  OA  along  the  line  of  acceleration. 
Considerations  of  this  type  become  important  especially  in  missiles  which  experience  high  g's  during  boost. 
Having  introduced  the  major  sources  of  instrument  error,  it  is  now  appropriate  to  discuss  airborne  alignment 
errors,  which  are  very  important  in  the  tactical  missile  system. 

To  align  an  Inertial  system  means  to  orient  or  position  the  coordinate  reference  system  con¬ 
tained  within  the  missile  with  respect  to  a  known  reference  system.  For  a  strapdown  system  the  coordinate 
reference  system  exists  within  the  computer.  For  our  discussion  assume  the  missile  coordinate  reference 
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ACCELEROMETER  ERROR  MODEL 
FIGURE  8 
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system  is  a  stable  platform  aligned  horizontally  and  having  one  of  its  horizontal  axes  pointing  north.  An 
inertial  system  is  capable  of  being  aligned  without  the  benefit  of  outsidn  sources  of  Information.  The 
horizontal  accelerometers  can  be  used  to  level  the  platform  in  the  Bame  fashion  as  a  bubble  level  would  be 
used,  Tha  platform  is  positioned  such  that  the  horizontal  accelerometers  have  a  zero  output.  Referring  to 
Figure  12  we  eee  that  this  condition  exists  when  platform  tilt  is  zero^  The  ateady  state  angular  platform 
error  it  essentially  determined  by  the  accelerometer  bias  sxror.  A  lO^g  bias  error  would  permit  alignment 
of  the  platform  to  about  20  arc  secondz,  i.e,,  with  the  platform  tlltsd  20  arc  eeconda,  the  component  of  the 
lift  vector  eenaad  by  the  accelerometer  would  equal  the  accelerometer  biae  error,  leading  to  the  erroneous 
conclusion  that  the  platform  is  level <  Having  obtained  level,  the  earth 'e  rotation  In  inertial  space  can 
be  used  to  align  the  platform  relative  to  the  earth's  spin  axis.  A  gyro  mounted  on  a  platform  located  at 
the  equator  and  fixed  In  a  level  position  will  experience  a  rotation  with  respect  to  inertial  space  of 
approximately  IS  degrees  per  hour  (earth  rate).  This  is  true  only  if  the  Input  axis  of  the  gyro  is  coin¬ 
cident  with  the  earth's  spin  axis,  l.e.,  pointed  In  a  north  direction.  Thus,  the  north  earth  rate  component 
in  a  level  platform  can  be  used  to  determine  the  platform's  azimuth  orientation.  Thic  process  is  called 
gyrocompassing.  Figure  13  deplcta  the  azimuth  uncertainty  achievable  as  a  function  of  gyro  drift  rate  and 
reference  velocity  error.  This  figure  Introduces  one  of  the  serious  problems  of  airborne  alignment  and 


ACCELEROMETER  LEVELING 
FIGURE  12 
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that  is  the  errors  which  result  from  uncertainties  in  velocity.  Inflight  alignment  presents  a  major  prob¬ 
lem  to  the  missile  designer  and  can  be  the  subject  of  a  long  and  detailed  discussion.  For  the  purpose  of 
this  paper  three  of  the  more  common  methods  of  inflight  alignment  are  listed  in  Table  2  along  with  comments. 
They  represent  three  different  qualities  of  alignment.  The  most  accurate,  utilizing  a  star  tracker  mounted 
directly  on  the  missile  or  immediately  adjacent  to  it,  is  limited  to  clear  weather  operation  and  carriage 
such  that  the  tracker  is  unobscured  by  the  structure  of  the  carrying  aircraft,  it  is  also  a  costly  system. 
Acceleration  or  velocity  matching  provides  a  medium  accuracy  capability  relying  on  the  comparison  of  out¬ 
puts  from  the  master  (aircraft)  and  slave  (missile)  platforms  during  a  vehicle  maneuver.  Estimation  and 
prediction  techniques  have  improved  upon  the  capability  of  past  matching  schemes  and  have  reduced  the  re¬ 
quired  time  to  perform  this  operation.  Figure  14  shows  the  theoretical  uncertainty  In  determining  azimuth 
orientation  using  acceleration  matching  and  a  3g  maneuver.  Applying  estimation  and  prediction  techniques 
to  gyrocompassing  provides  improved  performance;  however,  the  time  required  to  achieve  a  given  capability 
is  considerably  more  than  Is  required  for  matching  techniques.  Figure  15  depicts  the  azimuth  error  re- 
aulting  from  gyrocompassing  using  estimation  and  prediction  techniques.  Initial  position  and  velocity 
transfer  easily  and  their  accuracy  depends  upon  the  external  sensors  such  as  a  doppler  navigator  or  ground 
mapping  radar. 


AZIMUTH  ERROR  -  ACCELERATION  MATCHING 
FIGURE  14 
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FIGURE  15 
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Having  Introduc'd  the  major  error  sources  associated  with  self-contained  inertial  systems,  the 
obvious  question  which  arises  is  "How  do  these  error  sources  contribute  to  position  uncertainty?"  In 
general,  for  low  g  environments  such  as  would  be  experienced  in  a  transport  aircraft,  accurate  inertial 
navigation  places  a  more  stringent  requirement  on  the  gyro  performance  than  on  the  accelerometer.  The  high 
g  environments  experienced  by  tactical  missiles  require  Higher  quality  accelerometers  with  lens  emphasis  on 
gyro  quality. 

Thare  are  several  techniques  for  determining  error  propagation  for  the  various  sources  of  error. 
One  method  would  be  through  simulation.  Equations  are  written  which  describe  the  navigation  system.  Atti¬ 
tude,  velocity  and  position  are  computed  as  a  function  of  time.  This  computation  provides  a  standard  solu¬ 
tion  which  can  be  compared  with  results  obtained  when  an  error  such  as  gyro  drift,  is  introduced  into  the 
computations.  Another  method  involves  numerical  Integration  of  error  equations  over  the  nominal  trajectory 
using  errors  as  forcing  functions,  A  third  method  uses  normalized  integrals  of  acceleration  which  are  de¬ 
rived  for  the  specific  mechanization.  Each  error  coefficient  is  then  multiplied  by  the  appropriate  nor¬ 
malized  integral  to  obtain  the  velocity  error.  Position  error  can  then  be  approximated  by  a  second  inte¬ 
gration.  Table  3  shows  position  error  sensitivity  for  two  representative  air  to  surface  missile  trajec¬ 
tories.  This  table  permits  a  comparison  of  the  influence  which  each  instrument  error  source  has  on  the 
positional  error  at  impact.  Examples  of  error  propagation  will  also  be  provided  in  the  paper  entitled, 
"Application  of  Inertial  Technology  to  A-G  Missiles". 

4.  STATE  OF  THE  ART 

Inertial  systems  which  might  be  appropriate  for  tactical  missiles  exist  today  in  some  form  with 
accuracies  anywhere  from  one  tenth  nautical  mile  per  hour  to  several  hundred  miles  per  hour.  For  purposes 
of  state  of  the  art  discussion  1  would  like  to  define  three  qualities  of  inertial  systems;  high,  medium 
and  low  quality. 

The  high  quality  inertial  unit  is  characterized  by  a  one  tenth  nautical  mile  per  hour  perform¬ 
ance  rating.  This  high  quality  performance  is  not  easy  to  come  by  and  as  a  result  is  relatively  large, 
costly,  slow  reacting,  and  limited  in  its  availability.  The  medium  quality  unit  is  typical  of  Inertial 
systems  used  in  hundreds  of  commercial  and  military  aircraft.  It  is  ctiomon  and  readily  available  from  nu¬ 
merous  sources.  While  reduced  in  size  compared  with  the  high  quality  unit,  it  remains  a  relatively  expensive 
item  of  equipment.  The  smallest  and  most  recent  entry  in  the  inertial  field  is  a  series  of  "low  cost"  sys¬ 
tems  which  are  lumped  together  into  the  low  quality  classification.  Most  systems  which  fit  into  this  class 
are  in  the  early  stages  of  development.  Their  claim  to  fame  is  primarily  one  of  low  coBt  and  email  size. 

Table  4  lists  the  characteristics  of  these  three  classes  of  equipment  and  gives'  a  groaa  type  of 
indication  of  state  of  the  art.  A  word  of  caution!  It  may  be  impossible  to  actually  procure  a  system  which 
meets  all  of  the  characteristics  defining  a  particular  quality  Inertial  unit,  This  table  la  a  composite, 
derived  from  numerous  system  descriptions,  and  sb  a  result  represent  typical  characteristics.  It  is  in¬ 
tended  only  as  a  guide  in  estimating  what  might  reasonably  be  available  for  systems  of  the  future.  A  direct 
comparison  between  classes  ia  riBky.  As  an  example,  the  medium  class  of  equipments  has  been  produced  in 
fairly  large  quantities  and  thus  our  estimates  of  this  system  are  quite  reliable.  The  low  quality  syBtem, 
on  the  other  hand,  is  still  in  the  development  stage  and  may  or  mBy  not  achieve  all  of  Its  goals.  This 
brings  us  to  our  next  topic,  the  Research  and  Development  Process  for  inertial  systems. 

5.  THE  RESEARCH  AMD  DEVELOPMENT  PROCESS 

The  development  process  for  a  complex  system  such  as  a  tactical  missile  starts  considerably  be¬ 
fore  the  initiation  of  effort  on  the  actual  missile  design.  New  missiles  often  Incorporate  the  most  recent 
subsystems  and  components  in  their  design.  These  subsystems  and  components  have  already  gone  through  a 
process  of  Research  and  Development,  R&D,  starting  with  fundamental  ideas  and  proceeding  through  the  anal¬ 
ysis,  design,  fabrication  of  laboratory  models,  testing,  etc.  Their  Btatua  at  the  time  of  their  commitment 
to  the  missile  design  will  vary  greatly.  A  missile  with  a  requirement  for  an  order  of  magnitude  improvement 
over  other  similar  systems  may  have  to  rely  on  subsystems  and/or  components  which  are  relatively  unproven 
and  not  well  understood.  The  time  and  resources  required  to  further  develop  these  items  sufficiently  for 
use  in  an  operational  missile  may  be  larger  than  that  required  to  modify  off  the  shelf  items  for  a  similar 
design.  In  the  atea  of  inertial  guidance  we  can  make  coarse  estimates  concerning  the  R&D  process.  The  R&D 
cycle  typically  will  vary  from  5  to  10  years  in  duration,  and  historically  has  coat  from  5  to  10  million 
dollars.  The  RED  cycle  as  used  here  terminates  with  the  fabrication  and  flight  test  of  an  engineering  model. 
At  this  point  the  inertial  unit  has  been  demonstrated  in  a  simulated  or  actual  airborne  environment.  The 
testing  usually  is  not  extensive,  and  additional  design,  testing  and  product  improvement  would  be  required 
to  qualify  the  inertial  unit  for  inclusion  in  an  operational  missile  Bystem.  The  estimate  of  what  1b  re¬ 
quired  to  develop  a  particular  idea  or  concept  into  a  working  engineering  model  depends  on  many  factors. 

An  estimate  of  RAD  schedule  and  funding  is  just  that;  an  estimate.  Many  events  can  modify  these 
estimates.  As  an  example,  inadequate  funding  at  critical  points  in  the  development  cycle  can  cause  the  pro¬ 
gram  to  be  extended,  causing  the  R&D  coat  to  increase.  All  programs  experience  technical  problems.  However, 
attempting  to  achieve  too  great  an  advancement  in  too  short  a  time  can  result  in  a  more  costly  development 
cycle.  Changing  program  requirements  during  the  development  phase  often  increases  cost  and  causes  slippage 
of  the  schedule.  Lack  of  experience  may  contribute  co  inaccurate  estimates  of  anticipated  program  cost, 
however,  the  magnitude  of  the  under  estimation  due  to  this  cause  usually  decreases  and  becomes  more  realistic 
as  the  development  process  proceeds.  One  significant  contributor  to  miscalculation  of  anticipated  cost  of 
developing  a  system  is  competition. 

It  Is  a  well  known  fact  that  competition  in  a  particular  product  line  will  tend  to  keep  the 
price  of  that  product  at  a  minimum.  This  phenomenon  also  holds  true  for  systems  "to  be  developed".  The 
subsystem  contractor,  or  In  our  case,  the  Inertial  hardware  vendor,  must  promise  to  deliver  his  system  at  a 
price  and  within  a  schedule  competitive  with  other  vendors  In  the  field.  As  a  result  he  Is  forced  to  be 
optimistic  it\  estimating  development  and  production  cost  for  his  potential  system.  He  may  deliberately 
estimate  low,  or  "buy  in"  to  ensure  that  he  be  considered  by  the  customer  for  future  business.  This  aume 
situat;.  occurs  in  the  organization  responsible  for  the  intended  weapon  system,  i.e,,  the  total  weapon 
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system  under  development  must  be  competitive  with  other  Hystems  already  In  the  Inventory  or  under  develop¬ 
ment.  The  result  Is  that,  the  projected  cost  of  many  systems  and  subsystems  are  based  on  overly  optimistic 
estimates.  Unfortunately  the  real  world  doesn't  always  support  this  optimism.  Our  record  during  the  last 
decade  is  not  good.  Major  U.S.  system  acquisitions  during  the  1960's  experienced  a  40  percent  cost  growth 
and  a  15  percent  schedule  slip.  While  these  results  are  for  major  system  acquisitions,  it  can  be  assumed 
that  the  guidance  subsystem  contributed  its  fair  share  to  this  record.  Before  discussing  the  cost  associ¬ 
ated  with  the  ownership  of  inertial  systems,  let  me  Introduce  some  ideas  concerning  "what  is  being  developed" 
during  an  R&D  program. 

The  creation  of  an  inertial  system  starts  with  a  concept.  This  concept  may  be  the  modification 
of  an  existing  idea,  or  a  completely  new  untried  principle.  This  concept  has  inherent  qualities  which  de¬ 
scribe  it.  These  qualities  would  include  the  physical  proportions,  the  cost  of  the  hardware,  the  perform¬ 
ance,  and  the  limitations  associated  with  the  concept.  Time  and  money  can  be  allotted  to  the  improvement 
of  one  or  more  of  these  qualities,  but  in  almost  all  cases  limited  developmental  resources  requires  emphasis 
to  be  placed  on  one  or  two  specific  qualities.  Due  to  the  relatively  recent  emergence  of  inertial  technology 
for  airborne  usage,  resources  have  historically  been  allocated  to  achieving  Improvements  in  performance  with 
a  secondary  concern  for  reduction  in  size.  Relaxing  the  requirements  on  performance  and  size  permits  de¬ 
velopment  of  new  techniques,  procedures  and  principles  which  reduce  acquisition  and  maintenance  cost.  There 
are  efforts  in  this  area  currently  underway,  and  results  to  date  have  indicated  a  general  trend  toward  re¬ 
ducing  the  cost  of  certain  "lower  quality"  inertial  systema  having  application  to  missile  guidance.  Hope¬ 
fully  this  trend  will  continue  and  also  appear  in  other  classes  of  inertial  systems. 

Having  introduced  several  ideas  or  observations  concerning  the  R&D  process  for  inertial  systems 
let  me  summarize  what  I  consider  to  be  Important  points.  At  the  beginning  of  an  R&D  program,  a  concept 
exists  and  its  status  is  described  by  a  set  of  qualities  which  can  be  identified  as  performance,  physical 
proportions,  limitations,  and  cost.  Limited  R&D  resources  are  applied  toward  the  improvement  of  one  or 
more  of  these  qualities.  Historically  emphasis  has  been  placed  on  performance.  The  resulting  system  or 
engineering  model  represents  an  Improved  capability  and  is  ready  to  be  considered  for  weapon  system  appli¬ 
cation.  I  would  like  to  further  Identify  this  engineering  model  as  an  "unreliable  engineering  model".  My 
contention  being  that  because  of  the  limited  resources  available  and  the  need  to  be  competitive,  little 
real  effort  can  be  expended  on  including  reliability  into  the  design.  Reliability  is  introduced  at  this 
time  because  it  is  an  important  factor  in  the  consideration  of  cost  of  ownership.  Fast  experience  has  re¬ 
vealed  quite  painfully  that  cost  of  ownership  during  a  single  year  can  exceed  the  initial  unit  cost  of  an 
inertial  navigator.  It  is  important  then  that  we  understand  and  consider  this  aspect  of  system  cost. 


THE  APPLICATION  OF  RESOURCES 
FIGURE  16 


6.  ESTIMATING  TOTAL  COST 

It  ia  obvious  that  a  more  reliable  system  will  cost  less  to  maintain  and  is  therefore  more  cost 
effective.  Or  ia  Lt?  Let  ua  examine  the  impact  of  reliability  on  coat,  In  moat  cases  there  will  be  a 
mission  reliability  requirement  imposed  on  the  total  weapon  Bystem,  and  therefore  on  each  of  its  subsystems 
and  all  of  their  components.  This  mission  required  reliability  can  be  related  to  mean  time  between  failure* 
MTBF,  and  effective  mission  duration  T,  by  following  simple  relationships. 

R  ,  e~(T/MTBF) 

Using  the  reliability  requirement,  as  imposed  on  the  navigation  or  Riifdance  subsystem  by  the  overall  weapon 
system,  and  an  effective  mission  duration,  n  H'lbr  requuement  cun  be  established  for  the  subsystem.  How 
does  overall  cost  vary  with  this  MTBF  requirement? 

Overall  cost  is  defined  as  the  sum  of  development ,  hardware  ami  support  cost  over  thu  liretimo 
of  the  system.  Development  cost,  as  used  here,  consists  of  three  components;  cost  of  developing  an  "v*\re- 
liable  unit",  the  cost  of  developing  reliability  into  the  system,  and  the  development  cost  of  aerospace 
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ground  equipment,  AGE.  Hardware  coat  includes  the  inertial  system's  acquisition  as  well  as  the  AGE  equip¬ 
ment  acquisition.  Support  takes  into  account  the  cost  to  repair  and  the  cost  oi  providing  spare  parts. 
Reference  5  provides  a  means  for  estimating  these  costs  for  avionics  systems.  With  modifications  to  ac¬ 
count  for  a  specific  avionic  system,  i.e,,  an  inertial  aystem(  the  methods  of  this  reference  are  used  to 
generate  cost  data  as  a  function  of  MTBF.  Table  5  presents  the  relationship  used  for  computing  the  costs 
which  are  depicted  in  Figure  17  for  a  "buy"  of  100  units.  It  should  he  noted  that  for  this  example  a  MTBF 
of  about  250  hours  yields  the  lowest  overall  cost.  The  aenaltivity  of  coet  to  underdesigning  in  terms  of 
MTBF,  as  compared  to  overdesigning,  can  be  seen  it.  this  plot.  Generally  speaking,  aa  well  as  for  thia 
example,  designing  too  little  reliebility  into  a  system  la  more  costly  in  the  long  run  than  overdesigning 
an  equivalent  amount.  Table  6  sites  specific  cost  for  an  assumed  unreliable  system  coating  twenty  thousand 
dollars  and  having  an  effective  lifetime  of  five  hundred  hours.  The  shape  and  magnitude  of  the  cost  versus 
MTBF  curve  for  a  specific  system  can  vary  drastically  from  the  example  of  Figure  17  depending  on  the  qual¬ 
ities  describing  the  particular  concept,  the  effective  life,  size  of  the  buy,  repair  philosophy,  etc. 

We  have  discussed  briefly  the  principles  of  inertial  guidance,  errors  and  their  propagation, 
the  state  of  the  art,  the  development  process  and  the  relationship  of  reliability  and  cost.  With  this  as 
background  we  are  now  prepared  to  look  at  the  application  of  inertial  guidance  technology  to  a  standoff 
tactical  missile  Bystem,  which  is  the  title  of  the  paper  which  follows. 


COST  ITEM 

COST  EXPRESSION 

DEVELOPMENT 

Unreliable 

100  Cu 

System 

Reliable 

.5  (MTBF)  Cu 

System 

AGE 

50  Cu 

TOTAL 

1150  +  .5  (MTBF)]  Cu 

HARDWARE 

Inertial 

(1  +  .003  MTBF)  N  Cu 

System 

AGE 

.5  N  Cu 

TOTAL 

(1,5  +  .003  MTBF)  N  Cu 

SUPPORT 

Repairing 

'  2— -  N  Cu 

Inertial 

MTBF 

Repairing 

N  Cu 

AGE 

MTBF 

Spares 

100  +  .3  MTBF 

MTBF  N  CU 

TOTAL  (H  assumed  to  be  500  hrs) 

500  +  .3  MTBF 

MTBF  N  C 

Cu  Cost  of  unreliable  inertial  unit 

N  Total  number  of  inertial  unito 

H  Effective  lifetime  operating  hours  per  system 

MTBF  Mean  time  between  failure 
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SYSTEM  COST  EXAMPLE 
TABLE  6 


COST 

ITEM 

DESIGN  MTBF  (HOURS)  ; 

100 

250 

400 

Development 

4.0 

5.5 

7.0 

Hardware  , 

3.6 

4.5 

6.4 

Support 

10.6 

4.6 

3.1 

TOTAL  (Millions  of  Dollars) 

18.2 

14.6 

15.5 

H  *  500  Hours 

Cu  -  $20K 

N _ '  100 _ 


o 


o  200  400  600  800  1000 

N78K  HOOKS 


NORMALIZED  COST  VERSUS  MTBF 
FIGURE  17 
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SUMMARY 


Inertial  technology  is  particularly  attractive  for  airborne,  stand-off  tactical  weapon  systems, 
both  as  a  midcourse  guidance  system,  and  when  used  in  conjunction  with  a  terminal  guidance  sensor.  The 
capabilitiee  of  pure  inertial  guidance  are  examined  as  the  midcourse  guidance  system  for  a  stand-off  mis¬ 
sile.  The  relationships  between  enemy  defenses,  aircraft  capability  and  missile  performance  are  used  to 
define  a  hypothetical  mission,  and  a  set  of  guidance  system  requirements.  Error  magnitudes  are  selected, 
and  missile  positional  error  is  determined  as  a  function  of  range.  The  stand-off  range  of  this  particular 
weapon  system  is  limited  by  the  performance  of  the  mldcourse  guidance  system,  Various  methods  of  improving 
midcourse  guidance  performance  are  explored.  The  advantages  and  limitations  of  an  aided  inertial  system 
are  reviewed  with  emphasis  on  retaining  the  advantages  of  the  self-contained  system. 

The  application  of  inertial  technology  to  the  stand-off  missile,  as  discussed  here,  is  not 
intended  to  establish  present  or  future  capability.  The  intent  iB  to  identify  the  various  factors  which 
influence  capability,  and  suggest  those  areas  in  which  improvements  might  be  expected. 

1 .  INTRODUCTION 

In  the  preceding  paper  we  reviewed  the  basic  principles  of  inertial  technology,  state  of  the 
art,  the  research  and  development  process  and  some  aspects  of  cost.  Uith  this  information,  as  a  background, 
I  would  like  to  describe  a  potential  application  of  Inertial  guidance  technology  to  a  tactical  mission. 

The  application  is  ati  air-launched  stand-off  missile.  A  stand-off  missile  permits  the  manned  aircraft  to 
launch  itB  weapons  without  the  need  for  completely  penetrating  the  enemy  defenses.  This  is  highly  desir¬ 
able,  especially  when  attacking  heavily  defended,  high  value  targetB.  As  will  become  evident,  there  is  n 
need  for  some  type  of  terminal  guidance  system  in  order  to  achieve  impact  errors  appropriate  for  tactical 
missile  applications.  Figure  1  depicts  some  of  the  considerations  necessary  to  determine  the  required 
stand-off  range.  They  include  ground  and  airborne  defetisea,  both  enroute  and  in  the  vicinity  of  the  target, 
and  range  capability  of  the  launch  aircraft.  An  additional  consideration  would  be  missile  range  capability. 
One  of  the  factora  which  influences  the  range  over  which  the  missile  can  operate  is  guidance  system  per¬ 
formance.  Upon  arrival  in  the  vicinity  of  the  target,  the  stand-off  missile's  guidance  system  must  satisfy 
certain  requirements  as  dictated  by  the  terminal  guidance  sensor  and  the  maneuver  characteristics  of  the 
missile.  These  midcourac  guidance  requirements  may  be  in  terms  of  position,  velocity  and/or  attitude.  For 
the  purpose  of  this  illustration  assume  missile  positional  uncertainty  in  the  target  vicinity  to  be  the 
dominant  guidance  requirement. 


STAND-OFF  RANGE  CONSIDERATIONS 
FIGURE  1 
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2.  THE  MISSION 

In  order  to  explore  the  guidance  possibilities  for  a  stand-off  missile,  a  sample  mission  is 
postulated.  Assume  a  launch  aircraft  range  capability  as  shown  in  Figure  2.  Further  assume  the  distance 
from  the  aircraft  takeoff  point  to  the  target  to  be  300  NM.  Figure  3  combines  the  effects  of  aircraft 
range  with  those  of  remaining  below  the  line-of-elght  of  ground-based  defenses.  For  this  limited  situation, 
we  can  see  from  these  curves  that  a  stand-off  range  from  zero  to  125  NM  ia  required,  depending  on  penetra¬ 
tion  altitude.  As  an  example,  aircraft  penetration  at  five  thousand  feet  altitude  would  provide  undetected 
flight*  to  within  approximately  75  NM  of  ground  baaed  detection  systems  located  along  the  ground  track  of 
the  penetration  aircraft.  Aircraft  range  at  this  altitude  is  limited  to  approximately  200  NM  which  would 
require  a  missile  stand-off  capability  of  about  100  NM.  Since  the  guidance  Byatem  could  conceivably  limit 
the  achievable  missile  stand-off,  let  us  switch  our  attention  to  this  matter.  We  must  first  determine  the 
positional  uncertainty  requirement  placed  upon  our  hypothetical  midcourse  system.  Upon  arrival  in  che 
vicinity  of  tha  target,  the  terminal  guidance  ayatam  assumes  control  of  the  missile.  Commands  are  gener¬ 
ated  within  the  missile  system  to  correct  missile  trajectory  errors  which  may  exist.  The  magnitude  of  the 
corrective  maneuver  achievable  by  the  missile  can  determine  the  accuracy  requirements  of  the  midcoursn 
guidance  system.  Assuming  that  a  near  vertical  terminal  trajectory  is  desired,  let  the  maneuver  envelope 
ehown  In  Figure  4  represent  the  capability  of  a  stand-off  missile  capable  of  operating  out  to  125  NM  from 
the  launch  point.  The  inertial  system  must  be  able  to  provide  sufficiently  accurate  guidance  to  place  the 
missile  within  this  terminal  basket.  It  is  further  assumed  that  the  terminal  sensor(B)  will  not  impose 
additional  or  more  stringent  requirement!  on  the  midcourse  guidance  system. 


LAUNCH  AIRCRAFT  RANGE 
FIGURE  2 

We  have  defined  a  mission  and  established  a  requirement  for  the  midcourse  guidance  system. 

We  can  now  apply  Inertial  technology  to  providing  the  necessary  raidcourBe  guidance  syBtera  performance. 

Aa  pointed  out  in  earlier  discussions,  trajectory,  or  more  accurately  acceleration,  can  greatly  influence 
the  performance  of  inertial  components.  Therefore,  in  addition  to  range  and  time  of  flight,  the  type  or 
shape  of  the  trajectory  flown  by  the  stand-off  missile  will  affect  the  midcourse  guidance  system's  per¬ 
formance.  For  convenience  our  considerations  will  be  limited  to  semi-ballistic  missile  trajectories. 


LINE  OF  SIGHT  AND  AIRCRAFT  PENETRATION  RANGE  VERSUS  ALTITUDE 


FIGURE  3 


3.  ERROR  PROPAGATION 

The  ability  to  accurately  direct  an  inertlally  guided  alr-to-surface  missile  from  its  launch 
point  to  a  point  in  the  vicinity  of  the  target,  where  terminal  guidance  la  initiated,  depends  on  several 
factors  which  are  nearly  independent  of  missile  inertial  guidance  system  design.  These  factors  ore  the 
inherent  uncertainties  associated  with  the  launch  aircraft  navigation  system,  and  the  operational  con¬ 
straints  associated  with  a  deployed  system.  Specifically,  the  position,  velocity  and  heading  uncertainty 
of  the  missile  Inertial  system,  at  launch,  can  be  no  better  than  that  provided  by  the  launch  aircraft 
navigation  system.  Perfect  inertial  guidance  from  micsile  launch  to  the  terminal  acquisition  point  will 
not  eliminate  the  error  caused  by  improper  initial  conditions.  Similarly  the  manner  in  which  the  syatem  is 
used  in  the  field  may  greatly  influence  system  performance.  Ideally,  the  missile  would  be  launched  imme¬ 
diately  after  a  position  fix  is  taken  by  the  launch  aircraft,  thus  avoiding  the  Inevitable  build  up  in 
launch  aircraft  position  uncertainty  after  fixing.  However,  terrain  features  or  other  considerations  might 
well  make  this  impractical. 

Table  1  lists  the  major  error  sources  associated  with  an  air-launched  missile  system,  and  gives 
the  error  magnitude  chosen  for  each.  These  error  nagnitudes  have  been  selected  as  being  representative, 
and  alao  to  damonatrate,  by  example,  the  trade-offs  and  interrelationships  of  missile  and  aircraft.  Fig¬ 
ures  5  through  8  offer  a  few  examples  of  this  interrelationship.  While  not  stated  explicitly,  these 
examples  suggest  even  further  trades  involving  such  considerations  as  the  relative  merit  of  different  fre¬ 
quency  radars,  flight  path  constraints  to  assure  availability  of  cultural  and  terrain  features  to  achieve 
position  fix,  aircraft  avionics  cost,  and  many  others.  Let  ub  now  examine  the  impact  of  these  errors  in 
terms  of  miss  distance. 


RADAR  POSITION  FIXING  ERROR 
FIGURE  5 


ERROR  SOURCE 


ERROR  MAGNITUDE 
(1  Sigma) 


COMMENT 


Initial  Position 

660  Ft  each  axis 

X-Band  Radar  at  10  NM  Range 

Initial  Altitude 

200  Ft 

Arbitrary 

Initial  Velocity 

2  fps  each  axiB 

Doppler  Radar 

Initial  Altitude  Rate 

2  fps 

Arbitrary 

Initial  Attitude 

1  arc  Min  each  axis 

Consistent  with  assumed  Inertial 

component  quality  and  prediction 
and  estimation  techniques 

Initial  Azimuth 

10  arc  Min 

Includes  A/C  Heading  Reference  and 
In-Flight  Transfer  Error 

Gyro 

Bias 

2°/Hr  1 

Unbalance 

l°/Hr/g  | 

l  Low  Coat 

Anisonlasticity 

.0015o/Hr/g2 

State  of  the  Art 
'  Inertial  System 

Accelerometer 

Bias 

.5  X  10_3g 

Scale  Factor 

.2  Percent: 

J 

ERROR  SOURCES 
TABLE  1 


HEADING  REFERENCE  AND  TRANSFER  ERRORS 
FIGURE  6 


NOBMALIZED  AZ 


AZIMUTH  ALIGNMENT 
FIGURE  7 


HEADING  REFERENCE  SYSTEM  COST 
FIGURE  8 
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It  is  appropriate  at  this  tine  to  group  the  error  sources  previously  described  into  three  cate¬ 
gories;  aircraft  navigation  errors,  transfer  alignment  errors,  and  missile  inertial  errors.  This  grouping 
permits  a  more  perceptive  examination  of  miss  distance,  Figure  9  displays  the  positional  error  which 
would  exist  in  the  vicinity  of  the  target  if  the  aircraft  navigation  system's  error  contribution  is  the 
only  one  considered,  l.e.  attitude  transfer  and  missile  inertial  navigation  ere  performed  perfectly,  This 
positional  error,  expressed  as  circular  error  probable  (CEP)  is  shown  as  a  function  of  range. 


POSITIONAL  ERROR  ATTRIBUTABLE  TO  AIRCRAFT  NAVIGATION  SYSTEM 

FIGURE  9 


In  a  similar  manner,  the  aircraft's  and  missile's  contribution  to  position  error  is  assumed  to 
be  zero  and  only  those  errorB  associated  with  transfer  alignment  are  considered.  Figure  10  depicts  this 
situation  for  the  assumed  attitude  and  azimuth  errors. 


POSITIONAL  ERROR  ATTRIBUTABLE  TO  TRANSFER  ALIGNMENT 

FIGURE  10' 


A«  has  been  pointed  out  in  our  previous  discusBion,  the  performance  of  an  Inertial  system  is 
dependent  on  the  acceleration  environment  to  which  it  is  exposed.  For  this  reason  acceleration  profiles 
were  generated  for  semi-ballistic  trajectories  which  are  appropriate  for  terminally  guided  tacticol  mis¬ 
siles,  Using  these  trajectories,  the  error  curves  of  Figure  11  depict  the  positional  error  which  exists 
in  the  vicinity  of  the  target  as  a  result  of  missile  Inertial  component  errors  alone. 

The  positional  error,  in  the  vicLnity  of  the  target,  which  results  from  errors  In  the  aircraft 
navigation  system  transfer  of  attitude  information,  and  inertia),  instrument  errors  can  be  combined  statis¬ 
tically.  This  combined  or  total  position  error  represents  the  capability  of  the  midcourse  guidance  system. 
Converting  this  information  to  a  probability  circle  of  99.8  percent,  the  total  positional  errur  is  depicted 
in  Figure  12. 


POSITIONAL  ERROR  ATTRIBUTABLE  TO  INERTIAL  COMPONENT  ERROR 


FIGURE  11 


TOTAL  POSITIONAL  ERROR  IN  THE  VICINITY  OF  THE  TARGET 
FIGURE  12 


Returning  to  figure  4  which  depicts  the  terminal  positional  accuracy  requirement  for  the  hypo¬ 
thetical  miBHlle  system,  we  see  that  for  initiation  of  terminal  guidance  at  an  altitude  of  twenty  thousand 
feet,  the' proposed  oldccurse  guidance  system  is  unacceptable.  For  ranges  in  excess  of  85  NM,  the  midcourse 
guidance  error  exceeds  the  terminal  maneuver  capability  of  the  missile.  Several  alternatives  exist  at  this 
point,  and  will  be  explored  in  the  following  section. 

The  first  and  moBt  obvious  alternatives  would  be  to  review  the  contribution  of  each  error 
source  and  determine  which  are  major  contributions.  These  error  sources  could  then  be  examined  to  deter¬ 
mine  if  they  can  be  reduced  in  magnitude,  and,  if  so,  what  additional  cost,  constraint  or  other  penalty 
would  be  experienced  by  the  system.  A  second  choice  would  be  to  increase  the  terminal  guidance  initiation 
altitude,  missile  structural  limit,  or  the  size  ot  the  aerodynamic  control  surfaces.  These  changes  could 
increase  the  terminal  maneuver  envelope  of  the  missile,  but  the  penalties  of  doing  so  must  be  examined  in 
terms  of  more  Btringent  terminal  sensor  requirements,  reductions  in  stand-off  range,  increased  gross  weight, 
etc.  The  third  alternative,  and  the  one  of  real  interest  here,  Is  updating  the  missile  guidance  system 
through  the  use  of  externally  derived  information.  As  we  shall  see  this  can  result  in  considerable  im¬ 
provement  in  perfomnance . 
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4,  AIDED  INERTIA!  GUIDANCE 

An  explanation  may  be  due  at  this  time  aa  to  just  what  is  meant  by  updating.  loaslbly  the 
simplest  form  of  updating  would  be  to  re-initlalire  the  position  integrators  with  newly  acquired  positional 
information.  Assuming  the  newly  acquired  information  is  better  than  that  contained  within  the  navigation 
system,  the  lnanediate  result  ie  an  improvement  in  knowledge  of  position,  but  no  improvement  in  the  rate 
of  error  build-up.  Figure  13(a)  depicts  position  error  of  such  a  brute  force  updating  system  as  a  function 
of  time.  If  in  addition  to  positional  information  other  forma  of  sensed  or  measured  Information  were 
available,  euch  as  velocity,  not  only  would  position  uncertainties  be  reduced  by  updating,  but  the  rate  of 
position  error  build-up  would  be  reduced  somewhat.  Refer  to  Figure  13(b).  Simply  resetting  position  and/ 
or  velocity  as  shown  in  Figure  14  does  not  make  best  use  of  the  availsble  information.  The  application  of 
prediction  and  estimation  techniques  cun  provide  significant  improvements  over  the  brute  force  methods. 
Before  exploring  these  possibilities  let  us  review  some  potential  sources  of  updating  information, 


INERTIAL  SYSTEM  UPDAT.  .G 
FIGURE  13 


Radio  navigation  lends  itself  to  updating  of  tactical  niisslLe  systems.  Thu  mlsaileborne 
equipment  can  be  made  relatively  small,  inexpensive  and  rugged,  The  short  term  sensitivity  and  accuracy 
of  the  inertial  system  and  the  long  term  stability  of  the  radio  system  are  complementary.  L  Ine-of-slght 
frequencies  in  the  100  to  5000  MHz  range  can  provide  accurate  position  information  on  demand.  Equipment 
operating  in  the  noisier  100  KHz  region  provides  a  substantial  increase  in  coverage  areuj  however,  accuracy 
is  degraded  somewhat  and  more  time  Ls  required  for  Integration  or  smoothing.  World-wide  coverage  cun  be 
obtained  with  a  few  stations  operating  in  the  10  KHz  frequency  region.  Transmitting  stations  located  on 
the  ground,  in  aircraft  or  in  orbital  vehicles  are  possibilities  for  tin  aided  system.  Updating  can  be  a 
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discrete  or  continuous  process  over  all  or  only  a  portion  of  the  missile' a  flight. 

On  board  sensors  can  also  bo  used  to  improve  upon  the  midcouraa  guidance  capability,  A  dop- 
plet  radar  can  measure  ground  speed.  A  mapping  radar.  Infrared  or  television  sensor  could  provide  an 
indication  of  terrain  and  cultural  features  for  obtaining  a  position  fix.  Such  u  system  could  perform  all 
computations  and  processing  on  board  the  missile,  or  transmit  Information  via  a  data  link  to  a  ground  or 
airborne  processing  station.  The  selection  of  a  particular  updating  concept  must  Include  consideration  of 
enemy  countermeasures  since  a  heavily  defended  target  would  incorporate  extensive  countermeasure  equipment 
directed  at  degrading  stand-off  missile  guidance  capability,  Othur  important  considerations  would  be  the 
system's  vulnerability  to  attack,  and  of  course  the  impact  on  the  missile  design,  , 

' 

To  Illustrate  the  potential  Improvement  using  updating,  the  following  example  is  given,  Agsum 
two  ground-based  distance  measuring  stations  separated  by  50  NM,  forming  a  buBeline  In  n  range-range 
positioning  system.  The  ground  stations  are  Interrogated  by  the  missile,  determining  relative  range  and 
range  rate.  This  information  is  processed  and  used  to  update  the  missiles'  estimate  of  position  and 
velocity,  The  solid  line  of  Figure  15  depicts  Impact  positional  error  as  a  function  of  time  to  the  targei 
at  last  update.  Updating  is  accomplished  by  brute  force.  No  attempt  is  made  to  calibrate  the  system  or 
its  components.  The  missile  inertial  system  is  similar  to  the  one  previously  proposed  for  the  unaided 
midcourse  guidance  system.  The  range  and  range  rute  errors  used  in  the  generation  of  this  error  curve  arc 
as  shown. 


POSITION  ERROR  AT  IMPACT 
FIGURE  15 


The  dashed  line  of  this  figure  Ls  an  estimate  of  the  potential  achievable  using  Kalman  filter 
theory,  In  addition  to  improving  position  and  velocity  through  accurute  updating,  Kalman  filtering  irnpro- 
system  performance  by  effectively  reducing  component  errors,  thus  Improving  greatly  on  the  short  term 
accurucy  of  the  system.  Practical  considerations  such  us  computer  speed,  memory  capacity,  and  mlantodcl in; 
makes  achievement  of  optimum  results  unlikely.  The  design  of  a  Kalman  [liter  requires  accurate  knowledge 
of  system  dynamics,  the  measurement  process  and  all  utror  co-variances.  if  the  engineering  problems  asso 
dated  with  the  practical  Implementation  of  Kalmau  filtering  cun  be  solved  for  the  alr-lo-surfuce  missile 
and  if  the  guidance  concept  Is  adequately  resistive  to  countermeasures ,  significant  Improvements  over  the 
attainable  with  the  brute,  force  aided  system  could  be  achieved. 

A  source  of  error  which  has  not  been  meuttonud  up  to  this  point  ls  the  uncertainty  In  knowled 
of  the  target's  location.  A  portion  of  this  error  can  be  reduced  by  the  proper  select  lop  of  the  midcuurs 
updating  method.  In  the  previous  pupor  we  discussed  the  computational  coordinate  system  ol'  the  tactical 
missile.  The  target's  position  must  be  located  la  this  coordinate  system.  The  target  is  Initially  lor.it 
In  the  coord'autes  of  the  targeting  system,  l'hls  coordinate  system  may  or  may  not  be  the  same  coord  In., '  r 
system  as  used  in  the  tactlcul  mlssllu.  As  an  example,  II  targeting  ls  accomplished  from  a  vehicle  u;i  - 
gating  in  n  radio  network  and  attack  Ls  carried  out  In  a  geographic  coordinate  system,  then  mi  error  a 
exist  between  thesu  two  coordinate  systems  uml  will  contribute  to  mlsslLu  impact  error.  In  the  exnmpU 
cited  previously,  Inertial  system  updating  Is  achieved  with  a  ground-based  microwave  distance  measuring 
system.  If  target  reconnaissance  ls  also  conducted  In  this  uame  measuring  system,  one  Important  potent li 
source  of  error  can  be  greatly  reduced,  Thus  It  can  be  seen  that  by  the  selection  uT  a  common  coordinate 
system  for  targeting  and  strike,  the  uncertainty  of  locating  the  target  can  be  minimized. 

5.  C0NCI.US10NS 

Lnertiul  guidance  ol'  tactical  stund-ufr  missiles  can  provide  a  completely  self-contained  mill 
course  capability  lor  attacking  heavily  defended  targets,  This  capability  is  dependent  nut  only  on  lr 
component  quality,  but  depends  to  a  large  extent,  on  the  quality  of  aircraft  navigation  and  airborne  p'.i 
form  alignment,  The  aided  inertial  system  can  provide  significant  Improvements  in  performance  over  that 
achievable  with  an  unaided  system,  In  addition  to  this  Improved  performance,  enroute  updating  can  provl 
both  targeting  and  strike  In  a  common  coordinate  system.  Those  advantages  could  result  in  significant 
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reduction  in  position  error,  and  suggest  a  potential  capability  which  could  eliminate  the  need  for  addi¬ 
tional  terminal  guidance.  Realization  of  such  a  potential  is  not  inevitable.  The  aided  inertial  system 
for  tactical  stand-off  missiles  is  on  attractive  concept.  As  indicated  in  the  preceding  paper,  a  concept 
has  inherent  qualities  associated  with  it,  and  development  of  one  or  more  of  these  qualities,  as  required 
for  a  particular  air-to-ground  application,  requires  the  authorization  and  expenditure  of  resources  toward 
this  end. 
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METHODOLOGY  OP  RESEARCH  INTO  COKKAND-LINE-OP-SIQHT  AND  HOMING  GUIDANCE 
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SUMMARY 

This  paper  reviews  a  methodology  of  research  into  ooramand-t^-line-of-eight  (CLOs)  guidance  and 
semi-active  homing  missile  systems .  It  discusses  the  kinematics  of  various  guidanoe  laws  from  CLOS  to 
pursuit  ooursea  and  proportional  navigation  from  a  fundamental  point  of  view.  The  interaction  between  the 
guidanoe  requirements  and  the  missile  system  it  covered  and  it  la  shown  that  the  autopilot  and  aenaor  effects 
need  to  be  considered  in  hybrid  oomputer  simulations.  The  Implications  on  oonputsr  requirement#  for  optimum 
filtering  are  also  discussed. 


1.  INTRODUCTION 

Missile  guidanoe  problems  have  a  number  of  aspects  in  common,  whether  they  be  related  to  homing, 
beam  riding  or  line-of-elght  following.  Firstly,  the  basio  need  is  to  obtain  Information  on  the  atate 
variables  of  the  object  to  be  guided,  namely  the  miaeile,  and  tha  daatination  point,  which  might  be  moving, 
eg  the  target.  Seoondly,  instruments  have  to  be  used  to  measure  this  information.  These  instruments  raey 
be  limited  with  regard  to  what  can  be  measured,  the  acouracy  with  which  measurements  oan  be  made,  and  where 
the  measurement  oan  take  place,  le  on  the  ground  or  in  the  missile.  Finally  the  mieelle  has  to  be  manoeuvred 
in  the  best  possible  manner  by  means  of  a  guidanoe  law,  from  where  it  is  to  where  it  is  desired  to  be.  This 
brings  in  not  only  the  klnematios  of  the  movement  of  the  eentre  of  gravity  but  also  the  dynamioa  of  the 
miBBile  about  its  centre  of  gravity  resulting  from  its  response  to  a  demanded  manoeuvre.  The  guidance 
problems  of  oommand-line-of-aight  and  homing  therefore  have  soma  similarities.  The  target  movement  and 
missile  response  characteristics  oan  be  baaioally  similar.  Thoy  have  different  guidanoe  laws  because  in 
homing  the  missile  itself  has  to  track  the  target  with  its  self-contained  sensors,  whereas  in  command  llne- 
of-sight  or  beam  riding  an  outside  referenoe  point  le  used,  say  on  the  ground,  for  tracking  both  the  mlseile 
and  the  target.  In  the  homing  situation  tha  fact  that  th#  miaaile  position  is  not  readily  available  to  the 
missile  itself  Implies  that  only  relative  information  oan  be  uaed.  In  beam  riding  guidanoe  the  measurement 
of  the  distance  off  a  lino-of-sight  from  the  ground  to  the  target  eg  a  radar  beam,  is  meaeurod  in  the 
missile,  so  it  has  elements  of  a  mixture  of  the  two  basio  guidanoe  principles. 

This  pacer  review"  current  methodology  for  resoar oh  into  guidanoe  laws  of  the  oomraand  line-of-sight 
and  homing  types.  It  is  -sown,  after  the  basic  laws  have  been  disouseed,  how  some  aspects  oan  be 
investigated  in  a  noise-free  situation,  eg  trajectories  of  flight  in  homing.  It  is  then  shown  how  it  is 
sometimes  important  to  oonaidar  the  noise  characteristics  of  the  sensors  being  uaed,  typioally  tha  effects 
of  target  glint  on  radar  measurements,  when  miss  distanoee  and  missile  lateral  acceleration  criteria  are 
chosen.  The  studies  with  noise  have  interacting  effects  with  the  kinematics  and  dynamioa  of  the  engagement, 
ie  the  navigation  law,  approach  direction  and  tho  ratio  of  missile  to  target  speeds.  Tbo  necessity  of 
filtering  these  signals  le  then  discussed,  and  thie  leads  to  the  consideration  of  the  statistical 
optimisation  of  filters,  eg  of  the  Wiener  and  Kalman  types.  These  theoretical  optimisation  teolmiquas 
require  the  construction  of  a  mathematical  model  of  the  engagement  and  it  ia  neoessary  to  investigate  their 
sensitivity  to  changes  in  both  the  assumptions  made  in  the  derivation  of  the  optimum  solution,  eg  on  the 
assumed  target  glint  ahnraaterietios,  and  to  changes  in  the  actual  system  itself,  eg  unpredictable  target 
manoeuvreo.  Alec  sub— optimal  solutions  may  be  preferable  on  a  ooat/effectlve  basis. 

It  la  shown  how  the  powerful  tool  of  hybrid  oomputer  simulation,  which  waa  developed  in  an  earlier 
paper,  oan  be  used  to  evaluate  many  of  these  uncertainties  in  both  homing  guidanoe  and  command  line-of-elght 
following.  Although  these  two  guidanoe  laws  neoeesarily  require  two  different  simulation  models,  many  of 
the  features  of  the  simulation  processes  are  similar.  Illustrations  derived  from  practical  experience  in 
one  field  can  be  applied  directly  to  the  other.  The  implications  on  missile  autopilot  dasign  and  oomputer 
hardware  requirements  for  the  implementation  of  typical  guidanoe  laws  ..re  also  discussed. 

2.  BASIC  GUIDANCE  LAWS 

Command  line-of-s? ght  (CLOS),  homing  guidanoe  and  beam  riding  oan  be  consolidated  as  shown  in 
Table  1  according  to  the  source  of  the  measurement*  mad*  or  parameters  estimated  and  aooording  to  whether 
the  c -imputation  of  the  guidanoo  manoeuvre  demand  ia  oarried  out  in  th*  mieelle  or  on  the  ground.  A  typical 
system  state  used  in  CLOS  or  beam  riding  is  the  error  off  the  beam  t  suitably  filtered  by  a  transfer  function 
S(p)  to  give  the  demanded  lateral  aooaleration.  This  filter  should  contain  at  least  tome  phase  advanoe  for 
stability  reasons,  but  it  oan  be  of  sophisticated  form  if  statistically  designed  with  regard  to  the  eight 
line  noise.  Beam  riding  and  CLOS  are  essentially  the  same  dynamically  exoept  that  the  error  off  th*  beem  is 
detected  in  th*  mieelle  in  beam  riding,  whereas  in  CLOS  ground  radar  sensors  measure  it,  compute  the 
acceleration  demand  and  transmit  this  by  radio  link  or  wire  to  the  missile.  Th*  command  link  oan  be  regarded 
as  a  sophisticated  wire  connection  in  a  bean  riding  mieelle.  In  th*  homing  guidanoe  laws  th*  relative 
parenrter*  of  sight  line  spin  igt  dosing  speed  V0  and  look  angle  L  are  used  together  with  estimates  of 
missile  speed  Vm.  Basio  CLOS  and  homing  guidanoe  laws  will  now  be  discussed  in  more  detail  separately. 
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TAILS  t  BASIC  CUT  DAI  CK  LAWS 


2.1  Command-to-lins-of-eight 

T  A  number  of  tactloal  missiles  in  the  surface 

to  air  and  aurfaoe  to  aurfaoe  modes  are  guided  on  the 
line-of-sight  prinolple.  The  missile  M  of  Pig  1  is 
guided  so  as  to  be  maintained  on  the  sight  line  OT. 

In  an  actual  moving  situation  the  guidance  signals 
wm  transmitted  to  the  missile  are  the  demanded  lateral 

vl”  aooeleratione  in  two  axes  at  right  angles  to  the  beam, 

yj.  Thsss  dsmands  are  resolved  into  missile  axes  within 

(\  the  missile.  The  demanded  acceleration  in  each  plane 

*plit  into  two  termsi- 

'  a)  an  error  oomponsation  term  endeavouring  to 

/  keep  the  error  off  the  beam  s  equal  to 

/  sero,  and 

Qj  /m  b)  feed  forward  bias  texma  oorreepondlng  to 

|Pfn  ]  /  '  a  moving  beam. 

REF  A  simplified  guidanoe  loop  whioh  oombines 

these  two  demands  ia  ahown  in  Pig  2.  They  will  now  be 
discussed  in  more  detail.  Consider  first  the  error  loop. 

2.1.1  Basic  Guidanoe  Conoept 

FIG. I  COMMAND  LINE  OF  SIGHT  measured  either  directly  or  by  means  of  the  angular 

.  aiftr  difference  between  OT  and  OH,  together  with  some 

uUluANwt  knowledge  of  missile  range  R^,  then  c  ■  %  (0q>  -8m). 

If  this  error  off  the  beam  is  used  as  an  acceleration 
demand  njj,  it  needs  some  damping  so  that  good  response 
characteristics  are  obtained.  A  dynamic  equation  of  the  form  i*  «  G-)*  +  Ogl  needs  to  be  satisfied, 
where  and  Og  are  oonstants.  This  nsoesslty  leads  immediately  to  the  consideration  of  a  filtered 
error./  In  the  presence  of  noise  on  the  sight-line,  and  henoe  on  the  errors,  such  a  filter  design 
is  not  simple  and  becomes  a  compromise  between  requirements  for  smoothing  the  noise  and  giving  an 
adequate  response  to  a  demand.  Modern  techniques  allow  filters  to  be  designed  statistically  if  acme 
knowledge  of  the  noise  oharaotaristioe  is  available  or  oan  be  assumod.  Figure  2  shows  the  position 
of  such  a  filter  S(p)  in  the  miidanoe  loop.  It  inoludes  a  gain  0,  and  the  acceleration  demand  ia 
nB  ■  8(p)a  ■  S(p)  R„  (8ij  -9  ).  The  missile  transfer  function  is  represented  by  A(p)  and  when  the 
aohisved  acceleration  ia  doubly  integrated  end  divided  by  R^,  it  represents  a  new  measure  of  the 
missile  beam  angle  6mf  thus  olosing  the  loop  when  differenoed  with  the  target  beam  angle  8T, 


2.1.2  Feed-forward  tarns 
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Consider  the  situation  of  Tig  1  in  which  CM 
is  oolnoldent  with  0T|  hut  that  OT  is  rotating  due  to 
engagement  kinematios  of  the  target  relative  to  0,  eg 
due  to  target  manoeuvre.  If  0  is  the  angle  between 
the  missile  flight  vector  and  the  sight  line  then 
Rq,  «  Vm  oos  and  R-S, j  -  Vm  sin  0.  The  lateral 
aoceleration  (latax)  which  must  he  applied  to  the 
missile  for  it  to  stay  on  the  rotating  eight-line  is 

Lo  -  <RA  +  2  00*  *  -  -  RmST2)  <in  * 

‘  <WT  -  2  K\  '  VU  ♦  VVA 

Now  Hq,  «  Vm  oos  ft  -  Vn  sin  0  ft  and  if  $  is  small 
?  vm»  *  vm  0  Hn  -  Vjt  ft,  so  that 


FIG .2  CLOS  SIMPLIFIED  GUIDANCE  LOOP 
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Line  of  sight  guidanoe  systems  are  usually  used  for  point  defenoes  against  air  attack,  or  against 
slowly  moving  ground  targets)  eg  tankst  in  both  of  whioh  the  sight  line  rates  of  rotation  are  low, 
henos  the  angle  fi  is  small.  The  terms  in  $  $  and  ^2  can  therefore  be  neglected  and  the  feed 
forward  terms  become 


L0  i  (V>T  +  2  Vt  -  WA) 


If  we  write  p9^  for  V 

Lo  V  (»n  P  *  2  -  «mV\A 

•  f<V  Vn,  Vm,  6t)  as  shown  in  Table  1. 

This  aooeleration  bias  demand  is  fed  forward  from  Oij  as  shown  in  Fig  2.  For  its  Implementation 
some  knowledge  is  required  of  thf  missile  range  fy,,  its  velooity  Vm  and  the  ratio  of  aooeleration 
(or  deceleration)  to  the  speed  (Vm/Vm) .  The  sight  line  rate  of  rotation  9ij  and  aooeleration  pOT 
also  need  to  be  measured  or  estimated. 

The  total  aooeleration  demand  is  the  sum  of  the  error  demand  and  the  feed  forward  terms. 
Whilst  this  oonoept  is  simple  for  a  CLOS  or  beam  riding  guidanoe  situation  it  is  by  no  means  as 
dear  in  homing  how  a  guidanoe  law  can  be  devised  in  the  absenoe  of  information  on  missile  and 
target  positions.  Let  us  therefore  look  at  what  use  can  be  made  of  relative  information. 

2.2  Homing  Guidanoe 

Consider  now  homing  guidance  in  which  one  has  to  formulate  the  guidanoe  command  from 
Information  only  available  in  tho  missile)  ie  without  knowing  pracrtioally  where  the  target  is. 

It  was  shown  in  Table.  1  that  the  traditional  honing  law  oalled  proportional  navigation  uses  the 
sight  line  spin  rate  ig  of  the  target  relative  to  the  missile.  It  ie  well  established  as  an 
effective  guidanoe  technique  for  a  system  which  has  to  derive  the  basio  parameters  from  measurements 
made  within  the  missile  itself.  Fig  3  shows  the  flight  paths  of  the  target  and  missile  relative  to 
a  space  referenoe.  If  this  space  refersnoe  direction  is  available  in  the  missile  by  meanB  of  a  . 
gyroscope,  and  a  homing  head  can  be  looked  to  the  target  such  that  its  rate  of  rotation  measures  *Si 
this  spin  rate  oan  be  factored  by  K,  the  navigation  oonstant,  to  produce  a  required  flight  path 
rate  for  the  missile  fy.  The  practioal  implementation  of  this  law  requires  that  the  missile  speed 
should  be  known  or  estimated  such  that  the  demanded  lateral  aooeleration  is  nD  ■  VB*p.  L  is  the 
look  angle)  see  Fig  3.  If  aero  missile  inoidenoe  is  assumed,  the  look  angle  of  the  homing  head 
is  the  angle  between  the  missile  flight  vector  and  the  sight-line  to  the  target. 

The  simplest  attaok  situation  is  the  so  oalled  oollision  course  vhloh  arises  when  missile 
and  target  speedsars  oonstant  and  the  target  flies  on  a  straight  course.  The  approaoh  direction 
of  the  missile  is  towards  a  future  position  of  the  target  in  such  a  way  that  at  the  intersection  of 
the  two  straight  courses  Impact  oocurs.  In  this  situation  it  oan  be  shown  that  ig  is  sero  and  the 
look  angle  L  is  constant. 

Homing  guidanoe  laws  are  aiming  to  reach  this  condition  eventually)  even  when  the 
velocities  and  target  flight  paths  change.  This,  of  course,  will  in  general  demand  a  change  in  the 
guidanoe  parameters  used. 

Variations  in  the  proportional  navigation  law  oan  be  formulatedi-  for  example  (a)  when 
K  m  1  we  have  pursuit  ooursesi  pure  pursuit  when  the  look  angle  L  is  eero,  and  deviated  pursuit  if 
a  oonstant  look  angle  is  used,  (b)  corrections  oan  also  be  applied  to  the  K  factor  to  allow  for  the 
effect  of  look  angle  L,  closing  spaed  V.  and  missile  apead  Vm.  For  the  above  mentioned  oollision 
course  situation  it  oan  be  shown  that  if  the  aooeleration  at  right  angles  to  the  sight-line  in  the 
presenoa  of  disturbances  is  ohoaen  to  be  K^yg,  where  is  the  kinematio  gain  and  V0  is  the 
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closing  speed,  than  this  teohnique  tends  to  minimise 
the  neoaeeary  corrective  acceleration  of  the  missile! 
partijularly  if  ia  properly  chosen.  The  oomponent 
of  Vmfp  at  right  angles  to  the  sight  line  is 

V  coa  L,  i so 
m  *  If 

Vm  oos  L  i,  -  K,Vcis 

In  corrected  proportional  navigation  the  lateral 
acoaleration  demand  to  the  missile  beoomes  a  function 

•  |k  j  |. 

of  relative  parameters  only  since  rr,  «  "  LlJUV 

Ds pending  on  the  complexity  of  instrumentation  in  the 
missilei  V0  can  he  either  measured  or  estimated  as  well 
as  the  look  angle!  L,  and  Bpin  rate  ig.  The  kinematio 
gain  K-)  can  he  selected  according  to  engagement 
conditions  and  noise  variations  on  >3. 

3.  RESEARCH  METHODOLOGY 

Having  outlined  the  hasio  guidanoe  laws  the 
current  methodology  of  research  in  these  fields  will 
now  he  discussed.  This  methodology  consists  of  the 
application  to  missile  guidanoe  problems  of  the 
teehnlquet  given  In  an  earlier  lecture,  of  hybrid 
oomputer  simulation.  By  setting  up  a  mathematical 
model  of  either  a  homing  or  CLOS  situation  on  a  hybrid 
oomputer  it  is  possible  to  study  the  effects  of 
different  guidanoe  parameters  and  determine  which 
factors  in  ths  engagement  significantly  affect  the 
flight  trajectory  and  miss  distance  performance.  A 
number  of  examples  from  reoent  studies  of  a  fundamental 
nature  will  be  givon  to  illustrate  the  power  of  these 
computing  techniques.  It  will  be  shown,  for  example, 
how  many  statistical  engagements  can  be  completed  in 
the  form  of  a  laboratory  experiment.  Noise  free  runB 
can  girt  an  initial  insight  into  the  affects  of  oertain  parameters  on  ths  missile  trajectory,  and  a 
significant  pay-off  arises  when  noise  on  the  sensors  has  to  be  taken  into  aooount.  As  stated  before,  hybrid 
computers  can  be  ueed  to  simulate  noise  in  a  controlled  manner  and  on  a  known  probabilistic  basis.  For 
example  it  is  possible  to  represent  target  glint  by  a  sequence  of  white  noise  signals  passed  through  a 
filteri  the  white  noise  itself  being  generated  by  either  analogue  or  digital  means  and  being  variable  from 
engagement  to  engagement,  but  raps  stable  from,  sey,  bloc'  to  blook  of  a  number  of  runs. 

Consider  first  of  all  some  noise-free  studies  in  the  homing  field,  to  be  followed  by  investigations 
with  noise. 

3,1  Ncise-free  Studies 

As  an  example  of  the  extent  to  which  noiee  free  runs  can  be  varied  parametrically  to 
give  considerable  Insight,  many  missile  trajectories  have  been  evaluated  for  proportional 
navigation  end  other  homing  laws.  The  results  of  seme  of  this  work  are  given  in  Pig  4,  and  were 
obtained  by  hybrid  computation  of  a  digitally  controlled  analogue  model.  The  trajectories  of  the 
missile  relative  to  the  target  were  plotted  by  oomputer  in  eequenoe  as  the  parameters  were  changed 
automatically.  Mine  diagrams  are  shown  in  Pig  4  for  aacn  of  three  speed  ratios  of  missile  to 

target,  v  «  1.2,  1.8  end  2.6,  and  initial  look  angles  L0  of  0,  22j°  and  45° •  2aoh  diagram  shown 

relative  trajectories  from  sixteen  azimuth  directions  relative  to  a  non-manoeuvring  target  flight 
path,  for  three  navigation  oonetante  K  ■  1,  2  and  4.  The  target  directions  of  motion  are  always 
to  the  right  of  the  diagrams.  Consider  ths  diagram  for  a  speed  ratio  of  1,8  and  zero  initial 
look  angle.  It  oan  be  seen  that  when  K  -  1,  for  pure  pursuit,  the  trajectories  all  approach  the 
target  finally  in  the  tail-on  position,  whereas  for  higher  values  of  K,  cay  K  ■  4,  after  an 
initial  turn  towards  the  target  the  relative  approaoh  is  finally  on  a  oonstant  bearing  collision 
oourse,  shown  by  straight  lines  on  this  relative  plot.  The  diagrams  tighten  up  with  increased 
speed  ratio,  and  when  an  Initial  look  angle  ie  introduced  become  non-symmetrioal  about  the  flight 
path  of  the  target,  Mhen  the  initial  look  angle  is  large  eg  L0  »  45°,  and  v  is  still  1.8,  the 
curves  for  £  «  1  are  now  deviated  pursuit  ourvee  wd  spiral  in  to  ths  target.  The  oentral  diagram 

for  I-  -  2$-°  and  v  -  1.8  shows  that  some  Initial  conditions  of  azimuth  and  look  angle  are 

fortuitously  ouoh  that  from  the  outset  the  missile  ie  on  a  oonstant  bearing  collision  oourse,  so 
no  further  missile  manoeuvre  ie  required.  They  ooour  at  angles  TL  -  sin-  (v  sin  L0)to  the 
starboard  beam  of  the  target.  The  three  diagrams  for  i  r,  ■  22j-°  Show  that  these  angles  approaoh 
the  beam-on  condition  as  ths  speed  ratio  increases,  bslug  typically  62.7°,  46.5°  and  S.S®  for 
v  -  1.2,  1.8  and  2.6  respectively.  They  finally  disappear  when v sin  L0  •  1.  This  condition 
occurs,  for  example,  In  the  lwft  hand  diagrams  for  L0  -  45°,  between  v  -  1.2  and  1.8,  when  v>  would 
be  l/(sin  45°)  «  V2  ■  1.414  to  be  preoiee. 
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FIG.  3  PROPORTIONAL  NAVIGATION 
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Simultaneous  paper  -trace  pen  recording*  were  obtained  of  the  x,  y  co-ordinate*,  missile 
lateral  soosloratian  and  look  angle  during  each  of  the  run*,  each  on  a  time  basis,  and  oould  be 
used  for  detailed  inspection.  This  technique  could  be  extended  easily  to  study  guidance  laws  in 
the  presence  of  target  manoeuvre,  even  in  the  noise  free  eituation,  to  see  if  homing  head  maximum 
look  angles  are  adequate. 

3.2  Studies  with  Noise 

3.2.1  Sample  Sises 

When  noise  must  be  included  in  a  simulation  study  one  of  the  first  things  to  establish 
is  th*  sample  else  of  the  number  of  runs  for  an  adequate  statistical  set  of  results.  In  tail 
ohaa#  homing  studies  in  particular  it  is  neoeusary  for  practical  reasons,  to  keep  tbo  sample 
size  as  low  as  possible  because  of  the  long  running  times  of  the  simulated  engagements.  If  rme 
miss  distar.oe  is  th*  criterion,  some  preliminary  results  are  required  such  as  those  shown  In 
Figure  5  for  homing.  This  figure  shows  two  sets  of  results  for  samples  of  20  and  100  runs 
rsnpectively  contributing  to  each  rms  value.  They  are  plotted  for  eeoh  of  three  speed  ratios, 
1.2,  1.8  and  2.6  and  eight  initial  azimuth  directions  from  head-on  to  tail-on  and  head-on  again. 
On  the  basis  of  these  results  a  sample  size  of  20  would  be  aooeptable  as  showing  the  trends 
adequately. 

3.2.2  Noise  sensitivity  otudies 

In  studies  with  noise  there  is  also  a  necessity  to  investigate  early  the  sensitivity 
of  the  criterion,  say  rms  miss  distanoe  again,  to  the  level  of  noise  included  In  the  simulation. 
An  example  of  this  con  be  seen  In  Fig  6  where,  for  one  speed  ratio  of  1.8,  the  middle  curve  of 
the  upper  diagram  of  Fig  5  has  the  noise  Increased  and  decreased  by  50 &. 


4.d.(l)-6 


3. 2.3  Parametrlo  Variation* 


FIG. 5  SAMPLE  SIZE  EFFECTS  FOR 
PROPORTIONAL  NAVIGATION 
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FIG. 6  NOISE  SENSITIVITY  STUDIES 


Preliminary  parametrlo  variations  were 
obtained  during  the  sample  alee  and  noise 
sensitivity  studies.  For  example  Pig  5  shows  the 
effects  of  speed  ratios  and  aslmuth  direction!  for 
homing.  It  also  shows  how  the  miaa  distance*  for 
oonstant  K  increase  in  the  tail-on  approaches 
especially  at  low  speed  ratioa.  the  results  were 
obtained  for  only  one  guidance  law,  proportional 
navigation  with  a  navigation  oonstant  of  3.  At  this 
atage  it  might  be  interesting  to  know  whether  tha  asms 
characteristics  would  be  obtained  with  other  parameter 
values.  Having  eatablished  a  reasonable  confidence 
in  the  simulation  it  beoomss  possible  to  pursue  this 
in  extensive  parametric  studies.  Single  and  multiple 
parameter  changes  are  relatively  easy  in  hybrid 
oomputer  simulation.  For  example  we  oan  investigate 
the  possible  interacting  effects  between  aey  eight 
azimuths,  three  speed  ratios,  aix  K  factors  either 
with  or  without  aight-llne  noise.  Taking  a  sample 
sleo  of  20  for  each  combination  tha  results  of  suoh 
a  study  would  be  ss  shown  in  Pig  7-  This  diagram 
serves  the  purpose  of  illustrating  how  extensive 
numbers  of  statistical  runs  oan  be  reduced  to  an 
assimilable  font.  It  contains  the  results  of  8  x  3  x  6  x 
2  x  20  «  5760  oomputer  runs,  usefully  nuntnarlied. 

The  upper  diagram  of  Fig  5  can  be  seen  in  Pig  7  «« 
one  of  the  family  of  characteristic  curves,  at  K  «  3« 
Eaoh  small  diagram  has  the  same  key  and  axes  as  Fig  5, 
vis  rms  miss  distanoe  v  aslmuth  direction.  Prom  the 
more  extensive  parametrlo  diagrams  suoh  as  those  in 
Pig  7  significant  interactions  oan  begin  to  be 
discriminated.  For  example  it  turns  out  that  the 
effect  of  noise  depends  on  both  the  X  factor  and  the 
speed  ratio.  When  K  -  1  and  the  epeed  ratio  large, 
for  example,  the  miss  distanoe*  are  large  near  to 
head-on  for  kinematio  reasons,  irrespective  of  the 
noise,  but  in  tall-on  conditions  K  .  1  ii  advantageous 
whatever  the  speed,  both  with  and  without  noise.  High 
values  of  K  are  advantageous  in  noise  free  situations 
for  any  spaed  ratio,  but  with  noise  the  advantages  are 
only  shown  for  head-on  approaches,  la  the  left  and 
right  hand  aides  of  eaoh  BUb-dlagram.  Tail-on 
approaohe*  with  noise  show  various  effects  with  speed 
ratio,  the  miss  diatanoee  increasing  with  X  factor 
when  the  speed  ratio  is  low. 

It  oan  be  seen,  therefore,  that  diagram*  suoh 
as  Pig  7  oan  be  used  to  extract  interacting  effects 
whioh  require  ieoper  investigation*  In  further  computer 
runs.  The  results  of  Pig  7  refer  to  the  use  of  a 
oonstant  K  factor,  whioh  would  not  be  the  oaae  for 
current  systems.  The  diagram  is  given  for  illustrative 
purposes  only.  The  study  oould  be  taken  further  using 
the  above  computing  techniques  for  other  navigation 
laws,  eg  those  with  varying  K  factors. 


Instead  of  pursuing  this  further  for  homing 
guidance  it  will  be  shown  how  similar  parametrlo 
studies  oan  be  carried  out  in  the  context  of  CLOS  with 
sight-line  noise.  For  example  the  oombined  effects  of 
target  glint  and  manoeuvre  on  rmo  rains  distanoe  and  missile  lateral  aooeleration  are  illustrated 
in  Pig  8.  The  guidance  loop  eimulated  is  that  of  Pig  2  without  the  feed  forward  terms,  but  with 
a  number  of  non-linear  elements  in  a  hypothetical  mietile  representation.  For  practical  purposes 
the  filter  8(p)  simulated  was  a  doubl*  phase  advanoa,  which  itself  had  been  previously  optimised 
by  ertennlve  parametrlo  variations.  Fig  8  shows  the  parametrlo  effects  of  (a)  tero,  5 0$  and  lOOjC 
of  a  nominal  glint  rms  value,  and  (b)  zero,  0.3,  1.0,  1.5,  5  and  lOg  rms  target  manoeuvre.  There 
in  a  double  line  drawn  at  1.5g  where  the  manoeuvre  values  change  eonle  in  the  oarpet  plot.  At 
eaoh  point  In  the  oarpet  the  rms  min*  distano*  is  that  of  100  separate  noisy  runs  of  oombinsd 
target  glint  and  manoeuvre.  It  wes  possible  to  inoresse  the  sample  slie  from  20  to  100  for  the 
CL03  studies  because  a  short,  fixed  flight  time  of  3  aeoe  was  simulated  whereas  in  the  previous 
homing  runs,  particularly  with  tail  chasas,  muoh  longer  running  times  were  involved.  The  basic 
glint  noise  characteristics  wer#  different  from  run  to  run  but  repeatable  from  blook  to  block  of 
100  rune,  and  scaled  in  glint  rms  amplitude  from  point  to  point  in  the  oarpet.  The  manoeuvre  of 
the  target  was  oonstant  within  eaoh  engagement  run  but  the  100  runs  represented  a  Gaussian 
distribution  with  the  ruts  value  quoted.  The  diagram  therefore  contains  the  result*  of  100  runs 
for  each  of  three  glints  and  aix  manoeuvres,  or  1800  simulated  engagements.  Many  more  variations 
were  found  to  be  possible  since  the  oomputer  we*  able  to  run  at  100  times  real  time,  thus  completing 
the  amount  of  information  shown  in  Fig  8  in  about  half  an  hour,  ltypioal  parameter  values  whioh 
could  be  changed  easily  were  the  glint  bandwidth  and  missile  parameter*,  for  example. 
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The  curves  in  the  upper  diagram  of  Tig  8 
show,  incidentally,  that  whan  She  target  manoeuvre  1* 
low,  a ay  lesa  than  5g  rme  then  the  variations  in  both 
mile  distance  and  latax  due  to  glint  are  more  signifi¬ 
cant  than  those  due  to  manoeuvre.  When  the  manoeuvre 
is  greater  than  5g  n«s,  however,  the  miss  distances 
inorease  significantly,  much  more  than  the  variation 
due  to  target  glint.  When  the  target  manoeuvre  is 
large,  therefore,  the  missile  manoeuvre  capability  in 
this  example  is  almost  all  used  up  to  satisfy  the  feed 
forward  requirements  of  a  high  target  beam  rate, 
leaving  little  latex  in  hand  to  reduoe  the  errors  off 
the  beam.  In  designing  a  missile  to  a  given  latax 
limit,  therefore,  the  limit  must  be  sufficiently  large 
to  include  a  capability  to  meet  the  feed  forward  terms, 
which  must  be  satisfied  first,  together  with  a 
residual  oapabillty  for  dealing  with  the  errors  off 
the  beam.  The  specification  of  this  residual 
aooeleration  will  then  form  the  basis  for  the  design 
of  an  optimum  statistical  filter  S(p)  to  replaoe  the 
phase  advanoe  filter  used  in  the  above  example. 

We  shall  therefore  proceed  to  oonslder  the 
reeearch  methodology  further  by  investigating  Wiener 
and  Kalman  filters  in  missile  gulden oe  loop  design. 

4.  OPT  MUM  FILTERING 

The  theory  of  statistical  filtering  is 
complicated  and  has  been  treated  extenalvaly  in  thu 
literature  and  will  therefore  not  be  glvon  here. 

Inatead  a  simple  example  will  be  used  to  illustrate 
how  the  technique  oan  be  applied  to  CLOS  missile 
guidanoe  systems.  Without  going  into  greet  detail 
the  process  is  as  follows.  When  both  the  target  glint 
noise  and  manoeuvre  oan  be  speolfled  on  a  statistical 
baala,  and  linear  assumptions  oan  be  made  about  both 
the  missile  transfer  function  and  the  klnematlos  than 
linear  theory  enables  an  optimum  filter  to  be  designed 
so  as  to  give  s  minimum  rms  miss  distanoe  subject  to 
an  assumed  limit  to  the  available  lateral  aooeleration. 
Inatead  of  a  hard  limit  to  the  >g'  oapabillty  it  le 
also  neoessazy  to  assume  a  statistical  distribution, 
say  Gaussian,  with  a  further  assumption  that  the  given 
limit  is  only  exoseded  on  a  low  percentage  of  oooasions, 
typically  %•  Wiener  filter  theory  oan  oover  steady 
state  conditions  in  the  region  of  a  given  missile 
range  1^.  If  the  aerorlynamio  or  kinematic  oonditions 
change  during  flight  a  series  of  Wiener  filters  oan  be 
oonooived  in  which  the  parameters  are  sequentially 
switched  so  as  to  be  optimum  throughout  the  engagement. 
This  could  be  done  by  an  analogue  i  umputing  technique 
in  an  adaptive  manner.  The  more  oouplex  Kalman  filter 
oan  oover  time  varying  conditions  more  easily  since  it 
is  expedient  to  oompute  it  digitally  and  recursively, 
to  oombine  estimates  and  measurements  optimally. 

Wiener  and  Kalman  filters  oan  be  shown  to  be  identioal 
in  stationary  oonditions  so  Wiener  filters  oan  be 
considered  to  be  forme  of  sub-optimal  Kalman  filters  if 
used  in  their  place.  There  is  a  distinct  advantage 
in  oarrying  out  research  with  Wiener  filters,  however, 
baosuse  of  the  ability  to  oompute  by  analogue  means. 

The  advantage  le  that  the  etatletioal  output  of  the 
simulations  oan  be  eignifioantly  increased  compared 
with  digital  computations.  This  is  ths  methodology 
being  rsoommsnded  in  this  paper  for  application  to 
missile  guidanoe  filtering  research.  With  Kalman 
filtering  research  it  has  been  found  neoessaty  to  slow 
down  the  digital  simulations  to  reel  time,  or  slower, 
and  the  etatletioal  output  of  the  reesaroh  programme 
is  reduoed.  It  is  recognised  that  ultimately  the 
practical  implementation  of  th#  optimum, or  sub-optimum 
filter  will  be  by  digital  oomputer  but  there  is  still 
so  much  to  learn  about  design  processes  that  multi¬ 
variate  aopects  of  guidanoe  problems  require  a 
statistical  output  which  cannot  yet  be  met  by  a  purely 
digital  approach.  The  uso  of  a  hybrid  oomputer  for 
research  studies  enables  a  smooth  transition  to  take 
plaoe  between  analogue  or  hybrid  investigations  and 
digital  Implementation,  Computer  hardware  oan  be 
included  in  the  simulation  during  development,  for 
example. 
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Design  prooesaas  are  not  always  clear  cut,  aa  can  ba  aaan  from  an  example  that  arises  with 
Wiener  filters.  Soma  optimum  flltere  of  thia  type  have  long  time  constants  if  only  guidance  along  a 
CL 03  beam  la  oonaidered.  This  may  not  to  praotioally  conducive  to  the  gathering  phase  when  a  missile 
has  to  to  brought  into  a  guidanoe  beam  quickly  after  launoh  dispersion.  On  the  other  hand  this 
characteristic  may  not  to  general,  but  may  differ  from  missile  to  missile,  and  the  solution  may  only  to 
obtained  after  extensive  parametric  etudiee  of  a  compromising  nature.  There  are  many  >uoh  compromise 
situations  arising  in  guidanoa  and  oontrol  problems,  eg  conflicting  requirements  for  operating  at  high  or 
low  altitudes. 
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As  an  example  of  the  use  of  this  methodology 
when  applied  to  filtering  researoh  we  can  oonsider 
further  the  CLOS  situation  discussed  earlier  for  glint 
and  manoeuvre  variations.  Pig  9  shows  the  results  of 
further  simulations  comparing  two  type*  of  filler 
S{p)  for  CLOS.  The  order  of  improvement  in  miss 
listen o«  and  latax  whioh  oan  be  obtained  by  using  on 
optimum  Wiener  filter  instead  of  a  phase  advanoe  type 
is  shown.  In  the  complex  simulation  of  the  CLOS 
missile  guidanoe  loop  only  the  filter  3(p)  was  ohanged 
whilst  extsnsivs  numbers  of  runs  wsra  repeated  over 
the  same  glint  and  manoeuvre  variations.  The  design 
points  for  the  phase  advanoe  and  Wiener  filters  are 
shown  by  the  asterisks  at  nominal  (10$)  glint  and  (ig) 
manoeuvre  conditions.  The  differences  between  the  two 
asterisks  in  saoh  diagram  show  the  improvements  in  rms 
miss  diatanoe  and  rms  latax  respectively  whioh  are 
offered  by  the  Wiener  filter  compared  with  phase 
advanoe.  For  system  changes  in  glint  and  manoeuvre  of 
0,  5$,  100 ji  and  15$  and  0,  0.5,  1.0  and  1.5g 
respectively,  carpets  are  plotted  for  miss  and  latex. 
Only  the  carpets  for  the  Wiener  filter  are  labelled, 
the  pattern  being  identioal  for  phase  advance.  These 
overall  carpets  show  that  the  nominal  improvements 'at 
ths  design  points  continue  to  to  aohioved  for  a  oonatant 
filter  design  over  a  wide  variation  in  glint  and . 
manoeuvre,  different  from  the  nominal  values  assumed  for 
eaoh  filter  synthesis.  This  type  of  diagram,  therefore, 
provides  a  means  of  comparing  the  sensitivity  of  saoh 
of  two  filters  to  system  changes.  In  this  example  the 
Wiener  filter  comes  out  with  a  distinct  advantage. 


By  extensions  of  tho  simulation  technique  it 
is  possible  to  measure  experimentally  the  sensitivity 
of  the  system  to  changes  in  the  filter  design 
parameters.  The  simulation  model  of  the  system  is  kept 
oonstant  whilst  one  or  other  of  the  filter  values  is 
altered.  Aa  an  example  of  thiB  type  of  sensitivity 
analysis  Pig  10  shows  the  results  of  varying  eaoh 
parameter  defining  a  Wiener  filter.  The  lower  part  of 
the  diagram  shows  an  analogue  form  of  a  Wiener  filter 
oonsisting  of  four  integrators  and  nine  potentiometers 
(a)  to  (i).  The  small  upper  diagrams  show  sensitivity  ourves  for  both  rms  miss  distanoe  and  rms  latax  whioh 
ware  obtained  for  blooks  of  100  repeatabla  noisy  runs  in  whioh  the  potentiometers  were  ohanged  one  at  a  time 
by  up  to  +  5$  about  their  nominal  design  values.  It  oan  be  seen  that,  although  it  was  designed  to  to 
optimun  on  a  linear  baala,  it  is  not  fully  optimim  when  modelled  in  a  non-linear  guidanoe  and  oontrol 
simulation  of  the  real  syetem.  Some  further  refinements  are  possible,  eg  an  increase  in  the  value  of 
potentiometer  (b)  to  approeoh  the  minimum  point  of  the  miss  sensitivity  curve.  It  1b  possible  from  this 
type  of  display  to  assess  how  oomplex  ths  filtsr  synthesis  ntsds  to  to  and  what  penalties  era  incurred  by 
neglecting  and  simplifying  oartain  parts  of  ths  design.  Using  this  technique  the  above  filter  had  already 
been  reduoed  from  sixth  order  to  fourth  order,  for  example,  without  significant,  effect. 


FIG.9  C.L.O.S.  WIENER  e.f. 
PHASE  ADVANCE  FILTERS 


It  would  not  have  been  possible  to  oerry  out  this  quantity  of  statistical  design  work  in  the 
purely  digital  mode,  say  for  Kalman  filtering,  unless  considerable  expense  was  incurred  in  production 
running.  There  is  therefore  still  muoh  to  to  gained  by  executing  preliminary  research  programmes  on 
guidanoe  filtering  in  the  purely  analogue  or  hybrid  oomputing  mode,  reverting  to  the  digital  formulation 
later  on  when  the  system  performance  is  more  dearly  understood  and  the  praotioal  implementation  of  the 
aeleoted  design  is  required  to  to  digital. 


Before  leaving  the  subject  of  Optimum  filtering  a  brief  oomment  needs  to  to  made  in  relation  to 
its  application  to  homing  guidanoa.  In  homing  the  situation  is  slightly  different  from  CLOS.  The  equations 
for  the  lcinamatios  and  dynamics  might  to  linearised  only  with  time  varying  coefficients  so  that  optimum 
etatletloal  filtering  may  not  apply  if  based  on  linear  theory. 


5.  AUTOPILOT  IMPLICATIONS 


Although  trajectory  evaluations  and  optimum  filters  oan  to  derived  using  low  order  mathematical 
models  of  the  miaelle  dynamic*,  it  ie  neoessaiy  to  test  the  theoretical  filters  or  guidanoe  laws  for  real 
systems  in  a  simulation  whioh  inoludes  muoh  more  detail  of  the  missile  and  sensors.  In  particular, 
Important  non-linearities  in  the  missile  autopilot,  homing  head  or  ground  radar  representations  should  to 
simulated.  Per  example  the  missile  transfer  function  used  for  the  Wiener  filter  derivation  was  that  of  a 
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quadratic  lug,  whereas  a  more  detailed  representation  typical  of  a  number  of  missile  autopilots  would 
inolude  lateral  acceleration  demand  limits,  fin  limits,  instrument  feedback  guino  and  suitable 
shaping  networks, 

<5.  COMPUTER  IMPLICATIONS 

Microminiaturisation  techniques  are  leading  towards  the  possibility  of  utilising  digital 
computers  in  a  variety  of  guidance  and  oontrol  applications,  Flexibility  in  mode  of  operation  would  then 
arise  from  software  variations  only.  Missiles  with  multiple  roles  might  be  developed  in  which  significant 
changes  would  be  made  only  by  different  computer  programmes  in  the  guidance  eystem.  These  techniques  might 
lead  to  a  widening  of  miBeile  oomponent  production  toleranoaa  with  on  associated  saving  in  missllo  oost. 

The  oost  of  the  oomputer,  however,  may  be  inf lutmood  by  the  storage  else  and  accuracy  requirements. 

Limited  word  length  aspects  are  already  known  to  cause  instabilities.  Any  oomputer  limitation  will  therefore 
affect  the  performance  of  the  overall  system  and  ehould  be  considered  in  its  own  right  as  a  Bub-system 
demsmding  appropriate  study. 

7.  CONCLUSIONS 

A  methodology  of  applying  hybrid  computer  simulation  techniques  to  the  study  of  missile  guidance 
laws  of  the  CL03  and  homing  types  has  been  outlined.  Basic  guidance  laws  have  been  reviewed  and  simulation 
studies  have  indicated  that  an  understanding  can  be  obtained  on  their  effectiveness  in  both  noise  free  and 
noisy  situations.  It  has  been  shown  how  linearised  models  oan  be  used  to  deviBe  statistically  optimum 
guidance  filters  for  simulation  in  non-linear  missile  Bystems.  These  simulations  oan  then  lead  to  a  choioe 
of  particular  characteristics  for  engineering  deeign. 

In  optimisation  procedures,  however,  it  should  be  remembered  that  theoretically  designed  filters 
should  always  be  tested  experimentally  by  aimulation  techniques  to  see  if  they  are  robust  enough  to  be  used 
in  environments  which  are  less  oertain  than  the  assumptions  used  in  their  design.  Stringent  filters  of  the 
Wiener  or  Kalman  types  can  give  good  optimum  solutions  for  the  aseumed  model  conditions  but  should  be  checked 
for  sensitivity  variations.  It  oould  be  that  sub-optimal  solutions  arc  more  acceptable. 

In  the  early  stages  of  research  into  filter  design  an  analogue  approBoh  using  stationary  Wiener 
filters  la  preferable  to  a  digital  Kalman  filter  approach  because  of  the  increased  statistical  output  from 
simulated  engagements.  In  the  later  stages  a  dlgiti-L  implemsntation  may  be  preferred  and  hybrid  simulation 
should  continue  to  be  used  to  evaluate  the  dominant  error  contributions  in  all  fieldB  of  missile  guidance  and 
oontrol,  thus  loading  to  good  cost-effective  solutions  being  selected  at  the  feasibility  stage. 

*»###*»# 
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SECTION  I 

This  paper  will  be  concerned  with  the  prlnaipaL  problems  and  solution  options  available  to 
the  designer  when  addressing  the  all-weather  attack  of  small  tactical  targets,  At  the  outset,  it  should 
be  noted  that  this  is  a  nearly  unexplored  area  of  weapons  technology  and  the  considerations  given  herein 
are  generalizations  to  some  extent.  Although  but  few  examples  of  operational  systems  of  this  type  now 
exist,  there  is  little  doubt  that  the  advances  in  microelectronics  and  data  processing  devices  will  shortly 
bring  about  a  marked  increase  in  the  utilization  of  such  techniques. 

The  requirement  for  all-weather  operation  against  relatively  small  and  possibly  mobile 
targets  dictates  the  utilization  of  a  microwave  terminal  guidance  sensor.  More  specifically,  it  is  gener¬ 
ally  accepted  that  the  optimum  region  of  the  electromagnetic  spectrum  for  this  purpose  la  in  the  X  to  Ku 
band  vicinity  (wavelength  of  0.  1  to  0.05  feet  respectively),  (Some  special  purpose  duvicos  have  been  uecd 
at  higher  and  lower  frequencies  but  these  are  of  limited  value  In  the  general  context  of  this  paper).  There 
exists,  of  course,  a  wealth  of  data  describing  the  theory  of  operation,  performance  parameters,  and 
mean*  of  implementation  of  radar*  operating  In  these  frequency  bands,  but  this  information  is  almost 
exclusively  devoted  to  the  problem  of  airborne  targets,  As  such,  the  historical  radar  problem  hao  been 
the  maximum  range  detection  of  isolated  reflector*  limited  primarily  by  radar-gonerated  noise  and 
available  power  considerations.  The  tactical  target  poses  a  new  problem  element,  in  that  this  target  ie 
usually  immersed  in  a  background  of  unwanted,  but  usually  strong  reflectors  with  sometimes  very 
similar  radar  reflection  characteristics.  This  paper  therefore  will  largely  eklrt  the  more  conventional 
radar  considerations  and  instead  will  stress  the  peculiar  problem  aspects  associated  with  the  detection 
and  subsequent  tracking  of  clutter  (unwanted  reflector)  submerged  targets  on  the  earth's  surface. 

In  order  to  contain  this  extended  area  of  discussion  to  tractable  limits,  this  paper  will  first 
examine  the  problems  of  detection  amt,  in  tho  second  half,  the  tracking  and  fire  control  consideration* 
associated  with  the  attack  of  three  generic  types  of  tactical  targets.  For  convenience  all  numerical 
examples  will  be  treated  for  X  band  only, 

The  mission,  for  purposes  of  this  discussion,  is  defined  to  be  the  attack  of  either  mobile 
elements  (tanks,  trucks,  etc.),  or  stationary,  relatively  email  objects  such  bb  buildings,  bridges,  etc. 

It  is  further  assumed  that  a  reasonable  misslle-to-targot  location  uncertainty  exists  at  the  Initiation  of 
the  terminal  guidance  phase.  Hence,  in  all  instances,  the  system  must  first  facilitate  a  search  over  a 
finite  "acquisition  window"  and  then  provide  means  for  the  designation  of  the  target  with  a  high  degree  of 
confidence  In  its  identity, 

The  circumstances  under  which  target  search  is  initiated  may  'ary  considerably  depending 
on  the  nature  of  the  attack  vehicle.  This  vehicle  could  be  a  semi-ballistic  or  a  cruise  typo  missile,  it 
could  operate  at  subsonic  or  supersonic  speeds  and  be  either  ground  or  air  launched,  As  such  the  area  of 
target  location  uncertainty,  and  consequently,  the  minimum  detection  range  is  a  function  of  these  specifics 
coupled  with  the  dynamic  or  response  limits  of  the  systems.  Still,  experience  Indicates  that  most 
problems  will  ultimately  pooe  a  minimum  acquisition  range  requirement  of  approximately  10  nautical 
miles. 


Tho  mission,  therefore,  requires  the 
radar  to  search  over  or  map  tho  suspect  target 
area  at  relatively  long  range.  The  quostion  then 
is  whether  the  resulting  imagery  is  adequate  to 
permit  detection.  This  question  can  be  quantized 
in  terms  of  the  diffraction  or  resolution  limit  of 
the  sensor  as  illustrated  in  Figure  1-1,  The 
diffraction  limit  of  a  conventional  (non-pulsed 
dopplor)  radar  Is  defined  by  the  inherent  focus¬ 
ing  capability  of  the  radar  aperture  and  its  range 
discrimination  capability  (A R).  Thus,  the  mini¬ 
mum  resolution  cell  dimensions  achievable  with 
a  bcamwidth  (p  in  radians)  is  pR  feet  in  azimuth, 
where  R  is  the  imaging  range  in  feet  and  AR  feet 
in  range.  Hence,  the  surface  area  within  which 
the  radar  cannot  differentiate  between  echo 
sources  is  pRaR  ft 2, 


Figure  1-1.  Conventional  Radar  Resolution  Aroa 


To  illustrate  the  point,  consider  that  the  bcamwidth  for  a  practical  missile  radar  aperture  of 
1 -foot  is  about  6*  or  0,  1  radian,  and  the  range  gate  width  (AR)  may  be  on  tho  order  of  100  feet  (determined 
by  practical  transmitted  power  limitations).  In  context  of  a  10  nautical  mile  range  requirement,  the 
elemental  resolution  cell  is  a  6000  X  100  foot  rectangle  or  a  6  X  10^  ft^  surface  area.  The  aggregate  of 
unwanted  returns  (clutter)  from  such  a  resolution  cell  must  bo  small  compared  to  the  target  return  or  at 
least  differentiable  from  its  return  if  target  detection  is  to  bo  accomplished.  Thus  to  detect  a  target,  it 


i 
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is  necessary  that  the  radar  be  able  to  measure  specific  physical  characteristics  of  the  surface  complex 
and  discriminate  against  unwanted  returns.  Size,  shape  and/or  motion  may  be  used  as  discriminants 
of  the  target  relative  to  clutter. 


Specifically ,  the  problem  can  be  con¬ 
sidered  in  the  context  of  the  three  generic 
surface  target  cases  illustrated  in  Figure  1-2. 

CASE  I,  is  a  fixed,  high  contrast  surface 
reflector  of  small  spatial  extent.  This  tactical 
target  could  be  a  bridge,  building  or  parked  air¬ 
craft.  Importantly,  such  a  target  is  usually 
surrounded  by  similar  objects  (other  buildings, 
aircraft,  water  towers,  etc.)  which  are  of  equal 
or  greater  radar  reflectivity. 

CASE  11,  is  a  high  contrast  target,  which 
exists  in  a  field  of  relatively  low  radar 
reflectivity.  A  single  tank  in  a  field  is  a 
characteristic  example, 

CASE  III,  is  a  small,  moving  surface 
target,  again  in  a  background  of  scatterers  with 
relatively  high  reflectivity.  This  situation  is 
represented  by  vehicular  traffic  such  as  a  truck. 

When  this  target  array  is  examined  in  terms  of  conventional  radar  technology  the  detection 
problems  become  readily  evident.  Take  the  Case  I  target  as  a  parked  aircraft.  If  the  resolution  cell  is 
6000  feet  by  100  feet,  it  is  apparent  that  the  cell  width  of  6000  feet  will  realistically  include  other  aircraft, 
hangars,  and  buildings  and  land  background  whose  total  radar  area  could  be  orders  of  magnitude  larger 
than  the  target  desired.  The  target  is  undetectable  principally  because  of  the  relatively  poor  spatial 
resolution  in  the  cross-range  direction  afforded  by  the  radar  antenna  focusing  capability.  Even  if  the 
range  gate,  A  R,  were  reduced  well  below  the  100  foot  example  the  game  limitation  exists.  To  detect  the 
Case  I  target,  the  cell  size  must  first  be  reduced  to  separate  other  nearby  cultural  background  reflectors. 
In  addition,  the  order  to  identify  the  desired  target  its  shape  must  be  somewhat  discernible  versus  other 
objects  in  the  radar  imagery.  A  subjective  quantity  but  a  useable  rule  of  thumb  for  shape  discrimination 
is  that  the  ceil  dimension  be  no  larger  than  1/10  to  1  / 3  of  the  target's  "descriptive  physical"  dimension. 
Further,  the  resolution  cell  should  be  of  equal  azimuth  and  range  resolution  to  be  independent  of  target 
aspect  relative  to  the  radar.  Case  1  target  detection  capability  then  is  a  function  of  the  geometric 
resolution  of  the  radar. 

The  Case  II  target  may  be  a  tank  whose  radar  area  could  be  as  small  as  100  ft2,  This 
target's  shape  need  not  be  determined,  but  its  radar  return  must  be  significantly  larger  than  the  return 
in  any  other  resolution  cell  in  the  searched  zone.  These  radar  returns  from  clutter  are  a  function  of  the 
clutter's  reflectivity  constant,  o°  (which  is  a  function  of  depression  angle,  thus  altitude,  at  the  chosen 
10  nmi.  range)  and  the  resolution  cell  size.  Representative  a”  variations  as  a  function  of  altitude  are 
shown  in  Figure  1-3,  For  the  illustrative  resolution  cell  at  2000  feet  altitude  cr  'may  be  as  high  as  ]0~’ 
resulting  in  radar  echo  area  of  6000  ft^,  Considering  also  that  automatic  detection  requires  signal  to 
clutter  ratios  of  the  order  of  10:1,  it  is  clear  that  the  missile  attack  of  this  target  is  realizable  only  by 
reducing  the  resolution  cell  size.  The  additional  clutter  returns  from  vertical  surfaces  such  as  rain 
further  limits  the  effectiveness  of  the  attack  again  resulting  in  reduction  of  cell  area.  Lower  contrast 
targets  would  required  reduced  cell  size,  thus  improved  resolution. 

The  Case  Ill  target  (a  truck,  for 
instance)  can  be  detected  only  on  the  basis  of 
motion  since  its  reflection  characteristics  are 
assumed  to  be  indifferentiable  from  other 
ground  scatters,  A  change  in  the  return  from 
tbs  resolution  cell  as  the  target  moves  through 
it  could  be  observed,  Thus  a  successive 
subtraction  of  fixed  returns  to  cancel  clutter 
could  be  used  to  find  a  moving  target,  but 
this  approach  is  usually  impractical  for  all 
but  very  large,  very  fast  moving  targets.  A 
much  better  solution  is  one  which  senses 
velocity  directly  and  does  not  depend  on  spatial 
resolution  for  movement  detection. 


ALTITUDE  (ft)  AT  60,000(1  RANGE 
Figure  1-3.  Typical  Reflectivity  Variation 


Figure  1-2.  Generic  Surface  Targets 
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Summarizing  the  detection  capabilities  of  conventional  radar*  to  the  requirement!  of  the 
sample  generic  targets,  it  becomes  apparent  that  only  in  specialized  instances  can  a  target  be  reliably 
detected  in  the  presence  of  unwanted  clutter  returns.  For  general  effectiveness  of  small  aperture  radars, 
significant  reductions  in  the  resolution  cell's  azimuthal  extent  must  be  obtained  and  a  direct  method  of 
velocity  differentiation  must  be  introduced.  These  can  be  obtained  by  using  a  coherent  radar  on  a 
missile. 


A  coherent  radar  differs  from  normal 
pulse  radars  in  that  the  phase  of  the  transmitted 
signal  is  a  systematically  time  varying,  repeatable, 
and  well-known  quantity.  Hence,  as  shown  in 
Figure  1-4  the  phase  change  between  transmitted 
and  received  energy  corresponds  to  a  constant 
time  delay  If  the  radar  and  target  are  stationary, 

($REC  =  A  «  (t  +  r  )  (  r  =  target  range  round 
trip  time).  If,  however,  the  radar-pathlength 
is  a  changing  parameter  the  transmltted- 
received  phase  characteristics  will  similarly 
reflect  this  time-varying  path  length  change. 

When  constant  speeds  are  involved,  this  becomes 
the  well-known  doppler  shift  effect.  Before 
leaving  this  subject,  it  should  also  be  noted  that  If  the  transmitted  waveform  has  a  pulsed -coherent 
nature  the  radar  is  capable  of  measuring  the  incremental  phase  shifts  occurring  at  any  stipulated  time 
delay  and  therefore  range. 

The  coherent  radar  is  therefore  able  to  measure  and  record  the  phase  and  amplitude  of  the 
energy  returned  from  an  ensemble  of  points  located  within  a  given  range  slice  and  bounded  by  the  radar's 
aperture  (ordinarily  the  diffraction  limit).  In  turn,  these  recorded  phases  ran  be  analyzed  or  filtered 
after  a  sufficient  number  of  samples  have  been  obtained  thereby  providing  a  means  of  differentiating  be¬ 
tween  elements  lying  within  the  diffraction  limits  of  non-coherent  radars. 

With  the  target-oriented  discrimina¬ 
tion  criteria  in  mind  then,  consider  an  array  of 
fixed  points  on  the  ground  as  seen  from  a  moving 
platform  such  as  a  missile  (Figure  1-5),  When 
these  points  lie  at  the  same  range,  the  velocity 
magnitude  to  each  element  is  V  =  Vm  cos  e 
hence  a  function  of  its  angular  displacement  from 
the  missile  velocity  vector.  In  fact,  total 
equivalence  between  angular  displacement  and 
approach  velocity  oxlsts  such  that  a  co-range 
spatial  extent  ox,  on  the  surface  can  be  described 
by  a  velocity  interval,  4V  c  Vm  sin  0(ox/R). 

This  inferred  velocity  -  space  relationship  is 
fully  determinate  when  only  a  single  point  (the 
vehicle)  is  moving.  If  the  target  is  also  moving, 
a  relative  "shift"  of  clutter  and  target  in  velocity  - 
space  takes  place.  Both  of  these  properties  are 
exploited  in  a  coherent  radar  to  achieve  the 
detection  properties  required  for  surface  target 
attacks. 

The  velocity  increment  AV  sin  0  (ox/R)  of  an  element  of  azimuthal  extent  (ox)  equates 

to  a  doppler  bandwidth 

2  V  sin  6  2  V  cos  0 

Afp  =  - (Hz)  at  a  center  frequency  of  f^  =  - - 

(assuming  a  doppler  unambiguous  wave  form).  The  radar  must  therefore  accumulate  a  sufficient  number 
of  return  samples  to  facilitate  a  search  over  the  return  spectrum  for  the  purposes  of  isolating  returns  at 
the  range  of  interest  in  terms  of  bandwidth  and  center  frequency. 

This  is  accomplished  by  accumulating  return  samples  for  a  minimum  period  Tj  seconds  where 
Ti  is  equal  to  1/Af  (M  expressed  in  Hz),  and  by  subsequently  passing  this  sample  history  through  a  bank 
of  contiguous  filters,  each  of  which  ia  tuned  to  a  bandwidth  M. 

The  additional  dimension,  bandwidth  or  frequency  increment,  is  depicted  in  Figure  1-6.  As 
indicated  the  returns  from  a  given  range  are  spectrally  analyzed  In  the  filter  banks  as  shown  at  the  bot¬ 
tom  of  this  figure.  Thus,  these  are  essentially  orthogonal  to  the  range  dimension.  The  return  from  a 
target  of  narrow  bandwidth  will  "pile  up"  in  a  single  (or  few  doppler  cells)  while  spatially  distributed  or 
wideband  returns  will  distribute  their  returns  among  many  filters.  The  filtering  process  then  is  one  of 
velocity  and  velocity  difference  (frequency  and  bandwidth),  but  its  significance  in  detection  depends  on 
the  source  of  such  velocity  distributions. 

The  result  of  this  spectrum  analysis  is  to  separate  spatial  returns  from  fixed  points  whose 
azimuthal  extent  is 
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Figure  1-5,  Beam  Splitting  Using  Doppler 
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Figure  1-4.  Phase  Coherent  CW  Waveform 
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This  spectrum  analysis  "splits"  the  radar's  phys¬ 
ical  beamwidth  by  a  factor  equal  to 


This  can  achieve  a  beam  sharpening  effect  of 

several  orders  of  magnitude. 

Another  frequently  used  term  to  de¬ 
scribe  this  beam  splitting  effect  is  the  term 
"synthetic  aperture"  or  (3S.  This  is  defined  to 
be  the  physical  aperture  necessary  to  achieve 
the  same  spatial  resolution.  The  value  of  pg 
is 


<rx  A 

TT  or  2  V^in  Tj 

and  since  the  physical  beamwidth  is  defined  as  Figure  1-6.  Coherent/Non -Coherent  Comparison 

(3  =  A/D  (where  D  is  the  physical  aperture 

diameter)  the  "diameter  equivalence"  of  synthetic  apertures  is  Dg  s  2  V  sin  g  Tj.  As  shown  in  Figure 
1-7  a  synthetic  aperture  is  twice  the  straight  line  path  distance  flown  normal  to  the  target  line  of  sight. 
The  same  relationship  can  be  established  from  an  aperture  rather  than  a  velocity  point  of  view,  the 
multiplier  2  is  then  attributable  to  the  fact  that  transmission  and  receipt  of  energy  is  conducted  over 
spatially  isolated  points  rather  than  the  whole  ensemble. 


The  ground  scatterers  were  considered 
fixed  in  the  foregoing,  if  a  scatterer  Point  A 
moves  over  the  ground  it  therefore  has  an 
additional  radial  velocity  component  toward  the 
radar,  thus  its  center  frequency  is  shifted 
with  respect  to  the  ground.  As  a  result,  a 
moving  point  will  appear  either  in  competition 
with  the  return  of  a  spatially  offset  ground 
resolution  cell  or,  if  its  radial  velocity  com¬ 
ponent  exceeds  the  velocity  increment  enclosed 
by  the  radar's  physical  beam,  the  target  will 
appear  free  of  clutter. 

Further,  if  the  elements  of  a  desired  resolution  cell  exhibit  relative  motion,  such  as  ocean 
waves,  they  may  occupy  more  of  the  doppler  spectrum  that  that  due  to  radar  motion  only.  Another  ex¬ 
ample  of  this  "doppler  spreading"  is  the  roll  motion  of  a  ship  which  will  be  enlarged  upon  later. 

Thus,  the  coherent  pulse  doppler  resolution  technique  potentially  has  the  attributes  neces¬ 
sary  to  detect  surface  elements  in  a  much  more  general  sense  than  the  conventional  radar. 

This  ability  to  resolve  elements  several  hundred  times  smaller  in  azimuth  than  a  physical 
beam  and  the  sensing  of  surface  motion  will  now  be  applied  to  the  generic  targets  to  project  detection 
performance. 

The  general  fixed  ground  target  (Case  I)  demands  that  the  radar  separates  points  of  varying 
contrast  which  exist  in  close  proximity  in  one  range  gate.  Thus,  spatial  discrimination  is  the  important 
parameter;  crx  should  be  as  small  as  possible,  sinre  shape  identification  may  require  that  an  object  be 
broken  into  3-10  elements.  There  is  no  theoretical  limit  to  reducing  n,,  but  practical  considerations 
resulting  from  reasonable  size  and  cost  do  come  into  consideration.  Tmese  will  be  discussed  later. 


Figure  1-7,  Synthetic  Aperture 


Figure  1-8  is  an  example  of  radar 
imagery  as  seen  by  the  spectrum  analyzer.  Here 
two  targets  lie  in  close  vicinity  to  each  other  (much 
less  than  a  beamwidth)  and  are  co-  range.  As  expected, 
they  appear  separated  in  doppler  since  they  are  slightly 
angularly  displaced  with  respect  to  the  mapping  radar's 
velocity. 

Case  I  requires  that  the  radar  pro¬ 
duces  a  continuous  radar  map  of  sufficient  reso¬ 
lution  to  facilitate  the  detection  of  a  target.  Such 
a  map  is  produced  by  spectrally  analyzing  one 
or  more  range  slices  and  to  fly  the  radar  over 
the  suspect  area  such  that  each  ground  element 
passes  through  the  range  slices  under  investi¬ 
gation  as  the  vehicle  progresses  down  range. 

Figure  1-9  is  a  small  section  of 
such  a  radar  map.  This  sample  has  a  spatial 
resolution  of  approximately  30  feet,  it  was  pro¬ 
duced  from  an  aircraft  at  approximately  200  knots  and  with  a  squint  angle  of  about  30°.  (The  quality  of 
the  imagery  shown  is  constrained  by  the  limited  dynamic  range  used  in  the  recording).  This  is  a  coherent 
radar  "map”  in  that  a  fixed  range  interval  from  an  aircraft  platform  was  moved  over  the  surface  as  shown 
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Figure  1-8.  Co- range  Targets 
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Figure  1-9.  Thames  River 


by  the  geometry  at  the  left  of  the  imagery.  The  abcissa  is  doppler  frequency  and  the  energy  in  each 
doppler  filter  is  presented  as  an  intensity  modulation.  Contiguous  range  "slices"  were  displayed  and  the 
doppler  spectrum  in  selected  slices  are  shown  on  the  right.  The  area  mapped  is  the  shore  of  the  Thames 
River  in  Connecticut.  The  upper  spectrum  on  the  right  shows  water  return  and  the  abrupt  increase  in 
reflectivity  at  the  land  boundary.  The  second  and  third  spectra  show  a  boat  in  a  cove  in  closely  spaced 
range  slices.  Of  interest  is  the  predominance  of  the  reflector  over  the  low  level  water  background  and 
two  different  slices  of  shore  indicating  the  relative  complexity  and  reflectivity  of  ground.  Two  parallel 
bridges  are  seen  in  the  map  and  two  representative  range  gates  in  the  lower  two  frames. 

Further  examples  of  water/land  boundaries  are  shown  in  Figure  1-10  (Boston),  and  finally  an 
example  of  truly  high  resolution  is  shown  in  Figure  1-11,  These  samplos  are  included  to  demonstrate 
the  potential  of  the  coherent  radar  and  also  indicate  the  inadequacy  of  incoherent  approaches  for  the 
purpose  of  ground  target  detection.  It  must  be  remembered  that  this  imagery  is  largely  contained  in  a 
single  physical  beam  and  thus  Is  not  resolvable  in  straight  pulse  devices. 
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Figure  1  -  l  0 .  Boston 


4.d.<  2)-6 


Figure  1-11.  High  Resolution  Radar  Map 


The  second  of  the  generic  class  of  targets  (Case  11,  a  tank  in  a  field)  requires  as  a  minimum 
that  the  return  from  the  target's  cell  clearly  exceeds  returns  from  other  clutter  sources.  Thus,  the  cell 
resolution  size  need  not  be  smaller  than  the  target  of  interest.  On  the  contrary,  little  is  gained  by 
"splitting"  the  target's  energy  causing  several  resolution  cells,  rather  the  radar  should  be  designed  to 
include  the  target's  full  extent  in  azimuth  and  range,  and  most  importantly  be  wide  enough  to  include  the 
tank's  natural  bandwidth.  By  mapping  the  target  at  a  reasonable  squint  angle,  it  is  possible  to  split  or 
spread  clutter  (of  large  spatial  extent)  among  many  filters  while  the  target  remains  effectively  in  one 
filter.  Examples  of  clutter  as  measured  along  the  radar's  velocity  vector  0°bearing)  versus  squinted 
clutter  (30’bearlng)  are  shown  in  Figure  1-12.  The  zero  bearing  spectrum  shows  that  the  natural  band¬ 
width  of  rain  clutter  Is  considerable  and  of  the  order  of  150  Hz  (at  X  Band),  targets,  on  the  other  hand, 
rarely  exceed  bandwidths  of  the  order  of  tens  of  cycles.  Realizing  that  at  higher  speeds  and  squint  angles 
the  clutter  spectrum  can  be  spread  over  kilocycles  (resolution  cell  size  reduced)  ns  shown  in  the  30 
bearing  spectrum  one  concludes  that  the  amount  of  clutter  energy  a  target  must  compete  with  can  be 
reduced  by  several  hundred  times  in  this  fashion. 
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Figure  1-12.  Clutter  vs  Aspect  Angle 


Figure  1-13  shows  a  small  target  located  in  clutter.  This  process  allows  the  detec¬ 
tion  of  even  very  small  targets  at  significant  ranges  and  depression  angles;  however,  the  range  gate  or 
detection  pattern  must  be  tailored  to  the  clutter  suppression  characteristics  offered  by  the  coherent 
approach. 


f 
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Figure  1-13. 

Small  Target 

The  moving  target  situation  of  Case  111  is  illustrated  in  Figure  1-15.  The  velocity  of  the 
target  observable  along  the  radar  line  of  sight  has  caused  a  shift  of  its  doppler  frequency  designation. 

As  mentioned  earlier,  if  the  ground  speed  of  the  target  is  larger  than  the  bandwidth  of  the  physical  beam, 
the  target  will  be  shifted  out  of  "main  lobe  clutter".  This  condition  is  shown  In  the  figure,  The  radar 
generated  noise  (normally  much  lower  than  surface  clutterHs  the  only  contaminant  of  the  target  energy 
at  the  target's  doppler  frequency  (assuming  closing  targets}  so  that  the  target  has  high  contrast.  In  this 
case,  it  is  a  relatively  simple  matter  to  filter  all  clutter  from  the  detection  process. 

In  Case  III  then,  velocity  resolution  as  opposed  to  spatial  resolution  is  the  Important  param¬ 
eter.  If  the  target  is  a  truck  which  exists  in  the  presence  of  high  contrast  clutter  land,  sufficient  motion 
must  be  presented  to  remove  its  coherent  signature  from  that  of  the  physical  beam. 

The  preceding  is  Intended  to  provide  some  "feel"  for  the  measurements  which  a  coherent 
radar  makes  available  for  the  detection  process.  This  is  further  elaborated  In  the  following. 

The  problem  of  directing  the  missile  to  begin  its  terminal  attack  on  a  specific  target  entails 
the  search  process  as  previously  outlined,  detection  of  the  target  from  its  background,  and  the  require¬ 
ment  to  mark  or  address  the  target  to  the  missile  bo  that  the  terminal  phase  may  begin.  This  marking 
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of  the  target  can  be  done  automatically  or  through  an  operator  Interface  depending  on  the  target  tVDe 
as  shown  in  Figure  1-16.  e 


Figure  1-15.  Moving  Target  Detection 
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Figure  1-16.  Target  Designation 


In  the  case  of  a  target  (Case  II)  which 
exists  as  a  high  contrast  point  over  the  background 
target  marking  can  be  performed  by  thresholding.  A 
number  of  cells  (the  doppler  filters  in  several  range 
gates)  are  examined  to  determine  a  background  level. 

By  the  knowledge  of  the  relative  contrast  expected,  a 
threshold  level  can  be  set  to  assure  a  high  probability  of  detection.  Usually  this  "alarm"  can  be  evalu¬ 
ated  several  times  (in  successive  integration  periods)  to  assure  that,  a  spurious  identification  does  not 
occur.  All  this  is  performed  in  the  missile  since  the  processing  requirements  are  not  restrictive  in 
size  and  cost.  When  the  target  is  verified,  its  range  and  doppler  coordinates  are  designated  to  the 
radar  tracking  circuitry  and  terminal  homing  begins. 


In  the  case  of  a  complex  land  target  (Case  1),  the  simple  threshold  is  inadequate  since  non¬ 
target  ground  objects  can  provide  a  larger  signal  return  than  the  target  of  interest.  This  implies  that  a 
spatial  signature  of  the  target  must  be  used.  This  can  be  performed  automatically  by  inserting  into  the 
missile  an  a  priori  representation  of  the  target  and  its  surroundings  which  serves  aB  a  reference  for 
map  match  correlation  of  the  sensed  target  scene.  Manually,  an  operator  can  observe  the  missile 
generated  radar  map  of  the  target  area  and  by  manipulation  of  cursors  designate  the  target  to  the  auto¬ 
matic  tracking  circuits  of  the  missile.  Operator  designation,  of  course  requires  that  the  map  data  be 
available  at  the  launch  vehicle,  inferring  a  data  transfer  link.  The  processing  could  be  performed  on 
the  launch  vehicle  and  the  cursor  designation  is  sent  back  to  the  missile  as  a  single  range-doppler 
address. 


Case  III  targets  having  sufficient  approaching  motion  to  displace  their  doppler  signature 
from  clutter  (discussed  previously)  are  high  in  contrast  since  radar  noise  is  the  only  contaminant. 

In  this  case  automatic  threshold  detection  techniques  can  be  used  aboard  the  missile,  once  the  clutter 
return  is  removed  by  doppler  filtering.  Observe  that  automatic  detection  and  designation  allows  launch- 
and-forget  operational  capability. 

Independent  of  the  method  of  target  designation,  it  results  in  providing  the  doppler  and  range 
coordinates  of  the  target  as  they  existed  when  the  target  was  sensed,  thus  the  process  is  not  real  time. 

If  threshold  detection  is  used  the  time  delays  may  be  very  short,  but  for  operator  designation  the  delay 
may  be  tens  of  seconds,  thus  the  target  coordinates  have,  in  fact,  changed.  This  problem  is  Bolved  by- 
using  the  mid-course  inertial  instruments  to  up-date  the  target  coordinates  for  use  in  the  attack  phase 
which  will  be  discussed  in  Section  II.  The  next  paragraphs  are  intended  to  provide  some  insight  into 
the  limitations  of  current  coherent  radars. 

As  has  been  implied  by  the  foregoing  paragraphs  a  pulse  doppler  radar  can  vary  from  an 
extremely  simple  device  to  a  relatively  complex  device.  This  is  a  function  of  the  target  and  background 
for  which  the  radar  must  be  capable  of  providing  discriminants.  Basically  frequency  resolution  (thus 
Bpatlal  resolution)  and  search  area  are  the  fundamental  radar  parameters  affecting  sensor  complexity. 
Three  areas  which  can  present  limitations  to  a  missile  borne  radar  are  transmitter  power,  motion 
compensation,  and  doppler  processing  capacity. 

The  transmitter  power  required  for  any  application  arises  from  the  necessity  to  have  suf¬ 
ficient.  power  on  each  resolution  cel'  of  the  search  area  to  detect  the  target  at  the  required  detection 
range.  This  can  be  calculated  using  the  conventional  radar  range  formula  but  taking  into  consideration 
the  coherent  processing  gain  of  a  pulse  doppler  radar.  In  bo  doing  the  formula  can  be  expressed  in  the 
form 


DC  ^ 

P,,,  =  K  —  watts. 

AV  cr 

x 

Thus  it  can  be  seen  that  the  average  power  required  is  directly  proportional  to  detection  range  (R)  and 
the  square  of  the  search  swath  width  (S)  and  Inversely  proportional  to  spatial  resolution.  The  constant 
of  proportionality  is  a  function  of  the  signal  to  noise  ratio  required,  target  echo  area,  missile  speed 
and  squint  angle  and  radar  constants  such  as  noise  figure.  Figure  1-17  is  a  plot  of  average  power  ver¬ 
sus  spatial  resolution  for  sonic  typical  missile  radar  search  parameters.  Presently  available  trans¬ 
mitter  tubes  suitable  for  missile  application  are  capable  of  50  watts  average  power. 
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Missile  motions  which  cause  accelera¬ 
tion  along  the  radar  to  target  line-of-sight  cause 
phase  distortions  of  the  return  radar  signal,  thus 
if  these  motions  are  not  compensated  in  the  radar 
system,  a  blurring  or  loss  of  resolution  in  the 
desired  radar  map  can  occur.  These  accelera¬ 
tions  are  caused  by  missile  acceleration  resolved 
along  the  line-of-sight  and  centripetal  acceleration. 


dV  (V  sin  6  )Z 

- k - 


The  first  term  is  measured  by  an  accelerometer 
while  the  second  depends  on  knowledge  of  the 
velocity  vector.  Errors  in  these  parameters 
then  can  be  expressed  in  terms  of  phase  errors 
and  resolutions.  If  X  / 1 6  phase  error  (22  1/2*)  is 
allowed,  the  acceleration  measurement  accuracy 
and  velocity  undertainty  are 


2V  2  sin2  0*  2  , 

9a  ~  -  ""■2  .  fps 

\R2 


...  Vm8in2^x2  . 

8  v  = - j* -  .  fps. 


Figure  1-17.  Coherent  Resolution  Power 
Requirements 


The  allowable  variations  of  these  terms  are  shown  in  Figure  1  -18  as  a  function  of  spatial  resolution  for 
typical  missile  parameters.  Low  cost  accelerometers  are  available  better  than  1  x  10*3g.  The  velocity 
accuracy  available  from  low  cost  Inertial  platforms  are  of  course  a  function  of  the  time  of  flight  of  the 
missile  and  its  acceleration  profile.  Limitations  on  the  doppler  processing  capacity  could  be  expressed 

In  various  terms  depending  on  the  method  of  pro¬ 
cessing  (digital,  hybrid  or  analog),  A  rather 
common  basis  is  in  terms  of  memory  size  required. 
In  order  to  attain  a  doppler  resolution  (correspond¬ 
ing  to  a  spatial  resolution)  each  resolution  cell  must 
be  sampled  for  a  period  Tj  seconds.  Two  samples 
for  each  resolution  cell  are  required.  This 
necessitates  that  a  memory  for  theBe  samples  be 
implemented  Buch  that  subsequent  doppler  filtering 
can  be  performed.  Figure  1-19  shows  the  plan 
geometry  as  may  be  used  to  generate  a  search  map. 


Figure  1-18,  Coherent  Resolution  -  Motion  Com¬ 
pensation  Requirements  Vm  =  1000 
fps,  &  =  30*.  R  =  60,  000  ft. 

The  number  of  resolution  cells  required  in  the 
range  dimension  is  determined  by  the  missile 
distance  (V  Tj)  flown  during  the  sampling  period 
(Tj)  divideoby  the  resolution  cell  as  modified  by 
the  non -orthogonality  of  the  resolution  cell  to  the 
missile  track  ( ax/cot  9  ).  In  the  radar's  azimuth 
direction  the  number  of  resolution  cells  required 
is  the  swath  width  desired  (S)  modified  by  the  non- 
orthogonality  of  the  azimuth  direction  to  the  missile 
track  divided  by  the  azimuth  resolution  {S/vx  coa  #)• 
The  total  number  of  words  then  is 


Figure  1  -1  9.  Plan  Geometry  for  Search  Map 
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This  can  be  rewritten  in  a  more  enlightening  form  by  substituting  for  T,  thus 

W  =  - 

7  sin  9 

X 

ThiB  equation  is  plotted  on  Figure  1-20  using  the  spatial  resolution  (crx)  as  the  independent  variable 
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Figure  1-20.  Processing  Memory  Requirements 
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SECTION  II 


The  previous  Section  treated  the  detection  of  targets  in  various  forms  of  clutter  background. 
This  section  will  address  the  attack  of  such  targets.  Here  again  the  effects  of  unwanted  returns  and  their 
minimisation  will  be  of  primary  interest,  while  only  peripheral  concern  will  be  given  to  the  more  con¬ 
ventional  radar  related  miss  distance  contributor. 


The  homing  phase  of  attack  in  all  terminal  guidance  problems  is  similar  in  that  motion  of  the 
vehicle  with  respect  to  the  target  must  be  determined  and  controlled.  Most  particularly,  the  components 
of  the  relative  motion  perpendicular  to  the  target  line  of  sight  must  be  driven  to  zero  at  Impact  to  achieve 
the  high  level  of  accuracy  required  of  tactical  missiles. 

To  highlight  the  special  aspects  of  such  applications,  the  problem  is  examined  in  terms  of 
the  most  conventional  implementation  method,  a  tracking  approach. 

In  a  tracking  terminal  guidance  system,  the  radar  beam  center  (boresight)  is  accurately 
"fastened"  to  the  target  for  portions  of  or  throughout  the  homing  phase,  thereby  providing  a  means  of 
determining  the  required  guidance  parameters.  Theae  parameters  are  missile  to  target  range,  range 
rate,  angle  and  angle  rate.  To  assure  precision  of  these  measurements  it  is,  of  course,  mandatory 
tl  it  the  radar  line-of-sight  remain  very  accurately  fixed  on  the  desired  target  despite  the  existence  of 
unwanted  reflectors  in  the  radar's  field  of  view.  This,  in  turn,  is  the  fundamental  limit  of  the  ground 
attack  problem  and  is  the  main  subject  of  the  fallowing  discussion, 


The  tracking  problem  starts  where  detection  left  off.  Detection  required  that  the  target  be 
spatially  or  contrast  distinguishable  from  other  reflectors  located  within  the  same  beam  and  range  gate 
width.  This  was  shown  to  be  possible  by  the  utilisation  of  a  relative  velocity  discrimination  approach. 

It  was  further  shown  that  the  desired  spatial  resolution  was  obtained  by  "viewing"  the  target  at  some 
squint  angle  or  at  an  angle  with  respect  to  the  velocity  vector.  Since  tracking  requires  continued 
"visibility"  of  target  during  homing,  it  follows  that  the  squint  angle  or  "head  angle"  (angle  between  target 
line-of-sight  and  missile  velocity  vector)  must  be  retained.  On  the  other  hand,  impact  on  a  non-moving 

target  requires  closure  of  this  angle,  hence  the 
need  for  special  guidance  considerations.  These 
are  indicated  in  Figure  2-1,  At  the  initiation  of 
terminal  guidance,  the  target  is  shown  to  be  at 
some  squint  angle  e.  At  that  time  the  spatial 
resolution  of  the  target  area  (in  azimuth)  is 

-  *R 
"  "IV ’sin  a  ' 

Discrimination  requires  that  this  level  of  spatial 
resolution  be  maintained,  while  target  impact 
(without  overshoot)  requires  that  0  be  reduced  to 
zero  at  or  before  R  equals  zero.  A  slight  re¬ 
ordering  of  terms  in  the  spatial  resolution  equa¬ 
tion  yields  the  desired  answer.  Consider  the  same 
expression  in  the  form 


V  sin  e 


\ 

-Try- 


Figure  2-1.  Homing  Trajectory 


This  form  indicates  that  constant  spatial  resolu¬ 
tion  is  maintained  indeed,  if  the  cross  line  of 
sight  component  of  velocity  is  reduced  linearly 
with  range,  or  equivalently,  if  the  line  of  sight  rotation  (u)  Is  maintained  at  a  constant  and  deterministic 
value.  The  resulting  trajectory  is  that  of  a  bead  on  a  string  moving  constant  angular  velocity,  as  shown 
in  Figure  2-i  and  is  an  arc  of  a  circle  for  a  vehicle  with  constant  velocity.  The  resulting  attack  plane 
guidance  law  is  the  conventional  proportional  navigation  law  modified  by  a  bias 


[■>■»(;-  -h^)} 

Note  also  that  this  guidance  law  modification  is  required  only  in  the  projected  horizontal  plane  (assuming 
largely  horizontal  scatterer  extent)  while  elevation  guidance  remain*  conventional,  A  further  point  of 
Interest  is  thst  this  "curved  path"  approach  should  theoretically  be  continued  at  least  until  the  desired 
spatial  resolution  element  fully  fills  the  physical  beam  (R  =  cr  /P).  However,  this  later  requirement  la 
modified  in  practice  by  aystem  lag  considerations.  * 


The  foregoing  are  general  considerations;  now  how  are  these  implemented?  Consider  the 
problem  lUuitratud  in  Figure  2-2,  The  radar  beam  is  shown  to  illuminate  a  substantial  surface  area 
which  quite  naturally  can  be  expected  to  contain  a  number  of  surface  objects,  yet  the  beam  must  be 
accurately  centered  on  the  desired  target  rather  than  the  centroid  of  radar  returns.  To  achieve  this 
objective,  nil  returns  but  those  originating  from  the  desired  resolution  cell  must  be  "gated  out".  Towards 
this  end  consider  Figure  2-3,  This  figure  indicates  the  ground  imagery  which  had  been  available  prior 
to  target  acquisition,  it  was  mapped  with  the  radar  beam  in  a  known  angular  relationship  with  the  vehicle's 
coordinate  axis.  The  target,  by  virtue  of  a  designation  process,  was  'dentified  to  be  located  at  a  specific. 
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Figure  2-2.  Target  Tracking 


Figure  2-3.  Radar  Imagery 


range  and  doppler  address  on  this  imagery.  Thus,  three  basic  gating  parameters  (alter  appropriate 
updating  lor  change  in  position,  speed,  etc. )  can  be  inserted  into  the  system  to  deline  the  target.  The 
system  must  now  center  the  beam  on  the  returns  emanating  Irom  the  stipulated  angle,  range,  and  doppler 
coordinates. 


Towards  this  end,  the  beam  is  steered  so  as  to  Initially  maximise  the  return  coming  Irom 
this  cell.  Subsequently,  the  system  continues  to  maximise  the  return  in  this  narrow  band  but  permits  the 
values  ol  doppler,  range  and  angle  to  change  as  the  missile  changes  its  relative  displacement  with  re¬ 
spect  to  the  target.  Three  discrimination  loops  are  used  in  the  process. 

The  llrst  is  a  range  tracking  loop; 
this  could  be  a  split  range  gate  as  shown  in 
Figure  2-4.  Two  contiguous  gates  are  used,  an 
early  gate  and  a  late  gate.  The  received  target 
radar  pulse  is  sampled  by  each  gate  and  the 
dillerence  in  energy  outputs  between  the  gates 
result  in  an  error  signal  to  reposition  the  gates 
with  the  sign  of  the  error  signal  indicating  the 
direction  the  gates  are  to  be  repositioned.  The 
second,  the  doppler  tracking  loop  could  operate 
in  an  analogous  fashion.  Here  two  fixed  bandpass 
filters  could  be  used  as  opposed  to  the  range 
gates.  The  target  designation  is  used  to  set  the 
output  frequency  of  a  voltage  controlled  oscilla¬ 
tor  which  is  mixed  with  the  target's  doppler 
such  that  the  resultant  frequency  lies  in  the 
range  of  the  contiguous  filters.  An  error  signal 
is  generated  from  the  difference  energy  between 
the  filters  and  it  is  used  to  correct  the  oscillator. 

These  tracking  loops  can  continuously 
drive  a  slaved  range  gate  and  doppler  filter  which 
is  centered  over  the  target.  The  next  step  is  to 
drive  the  antenna  in  angle  to  maximise  the  return 
through  these  filters. 

Angle  tracking  can  be  Implemented  in  a  number  of  ways.  For  purposes  of  illustration  phase 
comparison  monopulse  will  be  discussed.  This  type  of  angle  tracking  is  analogous  to  the  interferometer 
devices  used  by  radio  astronomers  thus  it  is  sometimes  referred  to  as  interferometer  radar  tracking. 

Figure  2-5  represents  the  technique  in  one  plane.  TAROET 

The  antenna  aperture  is  divided  into 
two  parts  (per  axis)  where  the  distance  between 
antenna  1  and  the  target  is  R..  The  distance 
between  antenna  2  and  the  target  is  R,  where 
R,  =  Rj  +  dsine.  The  phase  difference, 
as  received  at  the  two  antennas  is  the  difference 
in  distances  times  (2j r/\  )  to  convert  into  phase 
or  2 s/a  dsine  where  \  is  the  radiation  wave¬ 
length,  Thus  for  small  angles  (sine  =«0) 

A4>  «  (2ird/X)  0  and  the  phase  difference  is 
proportional  to  the  desired  angle.  This  phase 
difference  signal  can  be  measured  by  a  phase 
detector,  whose  output  can  then  cither  be  used 
as  a  direct  reading  for  guidance  or  it  can  be  used 
as  an  error  signal  to  drive  the  antenna  system 
to  a  null  position. 
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Figure  2-4.  Split  Gate  Range  Tracking 
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If  angular  data  is  required  in  two  planes  a  second  orthogonal  set  of  measuring  axes  is 
required  to  determine  the  orthogonal  angle.  In  practice  the  four  antennas  are  a  ningle  antenna  struc¬ 
ture  of  four  phase  centers  as  shown  in  Figure  2-6. 


Figure  2-6.  Monopulse  Antenna  Hardware 

At  this  juncture,  it  is  appropriate  to  provide  a  broader  view  of  the  variety  of  guidance  informa 
tlon-yielding  schemes  currently  under  investigation.  These  are  largely  still  in  the  early  stages  of  develop 
ment  and  thus  not  suited  to  extensive  discussion  at  this  time.  However,  some  appreciation  of  the  power 
of  the  pulse-doppler  approach  can  be  gained  by  even  a  superficial  treatment  of  these.  They  fall  into  two 
basic  categories,  both  use  the  multiplicity  of  scatterers  contained  in  the  radar's  field  of  view  to  Improve 
the  accuracy  of  guidance  information  with  respect  to  the  targets.  The  first  category  recognizes  that  re¬ 
turns  from  non-target  scatterers  (assuming  a  fixed  target  domain)  can  be  spatially  related  to  the  target 
by  virtue  of  doppler  and  range  differences.  Hence,  the  apparent  target  return  can  be  greatly  improved 
by  permitting  the  monopulse  system  not  only  to  balance  the  target's  return  but  also  to  balance  the 
normalized  returns  from  equl -angularly  displaced  secondary  scatterers.  Possible  methods  of  implemen¬ 
tation  depend  on  tactical  circumstances  but  it  is  evident  that  the  "aim  point"  contrast  can  be  significantly 
Improved  in  this  manner. 

The  other  school  of  thought  essentially  dispenses  with  the  angular  information  yielded  by 
tracking.  This  approach  recognizes  that  while  the  target  doppler  represents  only  a  velocity  scalar,  other 
reflectors  can  be  used  to  derive  other  velocity  vector  components  thus  establishing  a  sort  of  velocity- 
space  frame  of  reference.  Possible  schemes  to  extract  guidance  information  from  such  a  field  of  points 
vary  and  as  such  are  subject  to  various  limitations.  Just  to  bo  a  little  more  specific,  one  of  these 
approaches  Is  now  somewhat  further  developed.  As  shown  in  Figure  2-7  the  target's  doppler  is  a 
specific  component  of  the  vehicle's  velocity! 
namely,  V  coa  0  .  It  can  alao  be  inferred 
from  the  diagram  that,  for  a  diving  vehicle 
some  scatterers  (assuming  that  these  are 
illuminated)  will  be  exposed  to  the  vehicle's 
full  velocity,  hence  return  a  doppler  of  V. 

These  later  scatterers  then  appear  at 
maximum  doppler.  If  both  values  are 
measured  (the  accuracy  of  measurement 
ia  extremely  precise  due  to  the  high  level 
of  coherence),  the  ratio  of 


1  J 

target  V  cos  0 
l - 0 —  =  - ^ -  =  cos  6 

^max 

can  be  determined.  Now,  knowing  both  o  and 
V,  the  cross  component  of  velocity  or  the 
component  of  velocity  leading  to  a  target 
miss  namely  V  sin  0  can  be  computed. 


Figure  2-7.  Terminal  Geometry 
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Next,  the  inertial  orientation  of  thi»  "undesired"  velocity  component  can  be  eatablilhed  on  the  baala 
of  secondary  method*  and  finally  It  can  be  Inserted  into  the  vehicle's  midcourBe  system.  The  net 
effect  of  these  steps  Is  to  "velocity  update"  the  vehicle's  on-board  inertial  sensors  with  respect  to 
the  target  line  of  sight.  It  should  be  evident  that  these  Inertial  components  can  be  subsequently  used 
to  steer  the  missile  to  this  target  line  of  sight  subject  only  to  inertial  acceleration  biases.  The  key 
to  this  approach  is  the  extremely  accurate  scaler  velocity  measurements  inherent  to  this  sort  of 
doppler  measurement. 

The  foregoing  was  intended  only  to  broaden  the  audience's  insight  Into  the  general  utility  of 
tho  approach  and  in  the  process,  to  establish  the  close  relationship  between  the  radar  and  Inertial 
measurements  required  for  narrow  band  aensors. 

Returning  to  the  more  conventional  method  of  guidance,  angle  tracking,  it  la  now  time  to 
consider  some  of  its  limits.  Usually  one  of  the  system  objective*  is  to  use  the  narrowest  tracking 
gate  possible  commensurate  with  the  target  of  interest  (usable  tracking  bandwidth*  may  also  be 
limited  by  implementation  constraints).  The  target  bandwidth  is  limited  in  its  narrowness  by  both 
target  apatial  and  motion  considerations.  The  spatial  aspects  of  the  problem  have  been  previously  dis¬ 
cussed;  the  motion  considerations  are  caused  by  appsrent  acceleration  or  differential  velocity  along  the 
radar-target  Une-of-slght,  Thus,  for  example,  if  a  target  moves  normal  to  the  radar  beam,  a  llne-of- 
sight  acceleration  occurs  and  hence  a  time  increasing  (or  decreasing)  target  doppler  (or  chirp).  Another 
example  is  a  target  consisting  of  an  ensemble  of  scatters  which  have  rotational  motion  about  some  meta¬ 
center.  Here  the  target  has  an  instantaneous  bandwidth  defined  by  the  relative  velocity  of  the  target's 
component  scatterers  relative  to  the  radar.  Incidentally  the  component  scatterer*  relative  velocity 
effect  it  also  responsible  for  the  instantaneous  bandwidth  of  extended  flexible  scattering  surfaces  such 
as  rain  clutter  as  was  shown  in  Figure  1-12, 

To  this  point  the  doppler  tracking  filter  has  been  treated  as  a  perfectly  matched  filter  to  the 
target  bandwidth.  Previously  the  requirement  for  motion  compensation  and  practical  limits  thereof  and 
the  spectrum  widening  of  moving  targets  were  discussed.  The  essence  of  this  then  is  that  the  exact 
shape  of  the  received  waveform  is  not  known  perfectly,  and  even  If  it  were,  no  assurance  exists  that  a 
perfect  matched  filter  could  be  constructed  to  handle  the  target  spectrum  of  interest.  Therefore  the 
tracking  filter  will  in  practice  necessarily  have  to  be  some  compromise.  If  the  filter  Is  too  narrow  it 
will  lose  target  signal,  if  too  wide  the  increased  bandwidth  results  in  Increased  noise  and  the  Inclusion 
of  unwanted  background  energy  thus  reducing  bath  the  S/N  and  S/C  ratios.  In  addition  to  these  effects 
some  more  subtle  effects  in  angle  tracking  are  caused  due  to  our  imperfect  filters.  For  example,  con¬ 
sider  a  filter  whose  width  at  Its  half  power  represents  the  radar's  spatial  resolution  in  azimuth. 

(Figure  2-8).  A  competing  radar  reflector  having  the  same  amplitude  as  the  target  and  spaced  1/2 

filter  width  away  from  the  target  (3  db  width) 
will  bias  the  monopulse  angle  sensing  circuit 
1/4  the  spatial  resolution  away  from  the  target. 
The  effect  is  to  bias  the  almpoint  of  the  angle 
tracking  circuits  thus  it  can  be  called  target 
Wander.  If  the  target  and/or  near  target  points 
scinttliate  In  amplitude  the  problem  is  further 
aggravated  as  more  or  less  of  the  target  and/or 
background  energy  fall  within  the  doppler  track¬ 
ing  loop  creating  noise.  At  least  two  possibili¬ 
ties  to  handle  this  almpoint  problem  oxist.  The 
first  is  to  continue  to  redesignate  the  target 
during  the  terminal  trajectory.  This  Is  possible 
since  the  homing  trajectory  allow*  continuous 
mapping  of  the  target  area.  Second,  it  is 
possible  to  smooth  the  almpoint  noise  since  the 
radar  sensing  rate  is  usually  high  compared  to 
the  missile's  requirement  for  guidance  data. 

Both  target  fade  and  radar  glint  or 
phase  scintillation  are  caused  by  the  coherent 
phase  addition  of  radar  returns  from  the  radar 
reflecting  surfaces  in  the  target  area  of  interest. 
Figure  2-8.  Almpoint  Biasing  Radar  glint  or  scintillation  can  be  thought  of  as 

a  phase  front  distortion.  Since  our  radar  angle 
measurement  using  either  a  phase  or  amplitude  type  comparison  system  is  in  reality  only  measurement 
of  the  phase  front,  this  results  in  angle  noise;  i.  e,  ,  the  random  motion  of  the  apparent  position  of  the 
target  about  Its  physical  center  as  seen  by  the  radar.  Target  fade  is  an  amplitude  effect  in  which  the 
amplitude  of  a  complex  target  due  to  its  multiplicity  of  reflecting  surfaces  varies  as  a  function  of  the 
phase  addition  of  complex  returns. 

The  classic  experiment  to  demonstrate  the  effects  of  angle  noise  uses  two  radar  rcfU  ot  s 
as  shown  on  Figure  2-9.  The  phase  front  of  the  two  reflector  targets  can  be  determined  by  finding  i’u> 
phase  difference  at  the  radar  as  a  function  of  the  angle  Jj  ,  The  approach  is  to  determine  the  differei  e 
in  the  round  trip  range,  radar  to  reflectors  to  radar,  and  convert  to  phase, 

4R  =  2  L  sin  i)i 


-TT  «■  H 


L  sin 


1 
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This  phase  difference  represents  a  phase  front 
distortion  or  an  angle  error  to  the  angle  tracking 
circuits.  Highly  complex  targets  such  as  air¬ 
craft  have  been  modeled  by  Dean  Howard  (Ref,  1] 
as  producing  a  Gaussian  distributed  angle  glint 
of  zero  mean  where  the  3±  sigma  limit  is  the  length 
of  the  target;  i.  e, ,  a  -  L/6,  Experiments  have  shown 
that  the  standard  deviation  of  angle  glint  ranges 
from  0,  1  to  0.  3  of  the  target  length,  These 
experiments  imply  that  by  taking  several  inde¬ 
pendent  samples  of  the  distorted  phase  front  one 
can  estimate  the  true  target  position.  One  prob¬ 
lem  then  is  to  provide  some  change  in  the  geometry 
of  the  situation  such  that  several  independent 
samples  can  be  measured,  This  can  be  done  by 
changing  the  transmitted  frequency  or  wavelength, 

X,  as  a  function  of  time.  A  radar  that  does  this 
is  called  a  frequency  agile  radar.  From  the 
equation  =  (4ff/X)  L  sin  ,j,  note  that  this  tech¬ 
nique  has  maximum  efficacy  when  the  reflectors 
are  separated  in  range,  i,  e,  ,  +  =  90°,  and  is 
insensitive  to  separations  in  azimuth.  Another  method  of  doing  this  is  by  imposing  a  velocity  to  the  radar 
as  shown  in  Figure  2-10.  The  velocity  (if  the  velocity  is  not  directed  towards  the  middle  of  the  apparent 
separation  of  the  reflectors)  changes  the  iJj  angle  as  a  function  of  time  thus  A<f>  =  (4ir/X)  L  cob  ^  where  j, 
is  the  turning  rate  about  the  target.  This  can 
be  rewritten  using  the  missile  velocity  and 
range  to  the  target  as 

a*  =  -±L  Lco.+  JLgj&i 

Recalling  the  trajectory  requirements  for  con¬ 
stant  target  contrast  (resolution)  it  was 
necessary  that  V  slno/R,  the  LOS  rate,  u,  be 
a  constant.  This  trajectory  which  Is  necessary 
for  target  contrast,  speeds  the  glint  rate  much 
In  the  same  manner  as  frequency  agility. 

Figure  2-11  shows  the  power  spectral  density 
of  glint  for  both  a  non-turning  trajectory  and 
one  with  a  constant  turning  rate  of  0.03 
radians /second.  These  runs  were  made 
against  the  same  target  thus  the  total  energy 
of  the  two  spectras  are  the  same. 

Finally  this  leads  to  the  possibility  of 
guiding  the  missile  through  use  of  a  pulse - 
doppler  updated  inertial  implementation.  Such 

an  implementation  attempts  to  capitalize  on  the  long  term  accuracy  of  the  radar  and  tho  short  term 
stability  of  inertial  devices. 


Figure  2-10,  Two  Reflector  Target  Glint 
Pulse-Dopplcr 
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Figure  2-9.  Two  Reflector  Target  Glint 
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The  inertial  system's  accelerometer 
outputs  will  be  utilized  to  smooth  the  radar 
tracking  noise,  Figure  2-12  is  a  simplified 
diagram  of  such  a  radar-inertial  tracking  system, 

Tho  tracking  radar  essentially  keeps 
the  target  on  the  boresighted  antenna  axis  while 
measuring  the  antenna  gimbal  rates  necossary  to 
do  so.  In  addition,  range  and  range  rate  to  the 
target  are  measured.  The  radar's  angle  track¬ 
ing  loop  ns  has  been  discussed  suffers  from 
noise  due  to  target  scintillation  and  other  effects. 
We  define  nn  antenna  coordinate  system,  A,  with 
the  x  axis  along  the  antenna  axis  with  y  and  z 
axis  to  be  tho  orthogonal  gimbal  axes  and  let  ^ 
and  0  be  the  rotation  angles  of  these  coordinates 
relative  to  the  body  frame,  B,  about  the  »  and  y 

axes,  respectively.  The  radar  measurements  are  i(j, i,  0,6,  IRI,  1 6.1.  The  velocity  of  the  missile  with 
respect  to  the  target  in  antenna  coordinates  is  given  by; 

,r  A  *, 


VyA  =  R0 

VzA  = 


n 

and  the  coordinate  transformation  T  .  ,  between  antenna  coordinates  and  body  coordinates  is  given  by  the 

angles  vy  and  0. 


/ 


Ref,  1  Merrll  I  Skolnlk,  "Radar  Handbook".  Chapter  28  McGraw-Hill  Book  Co.  ,  1970 
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Figure  2-12.  Radar -Inertial  Tracking 

The  accelerometer  measurements  are  made  in  platform  coordinates  which  are  related  to  the 
body  coordinates  by  the  measured  platform  gimbal  angles. 

To  understand  the  radar  inertial  smoothing  filter  operation,  consider  the  channel  shown  in 
Figure  2-13. 


The  velocity  as  measured  by  the  radar  can  be  written: 


The  acceleration,  a,  is  measured  by  the  inertial 
system  and  resolved  along  one  of  the  antenna 
frame  axes,  V_  is  the  radar  velocity  measure¬ 
ment  along  thataxis,  and  V  is  the  filtered 
velocity  indication  along  tha*?  axis.  V  is  given 
by  the  expression:  ' 


Since  a  is  the  time  rate  of  change  of 

velocity  as  measured  by  the  inertial  system 

accelerometers;  we  can  write  a  =  SV^. 

And,  the  exnression  for  V  can  be  rewritten  as 

o 


Where:  V  is  the  actual  missile  velocity 

m 

is  the  target  velocity 
N  is  the  noise  of  the  radar  system 


Also  we  can  write  for  the  inertial  velocity  measurement: 


VA  =  Vm  +  6  V 
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This  phase  difference  represents  a  phase  front 
distortion  or  an  angle  error  to  the  angle  tracking 
circuits.  Highly  complex  targets  such  as  air¬ 
craft  have  been  modeled  by  Dean  Howard  (Ref.  11 
as  producing  a  Gaussian  distributed  angle  glint 
of  zero  mean  where  the  3±  sigma  limit  is  the  length 
of  the  target;  i.e.  .  a  -  L./S.  Experiments  have  shown 
that  the  standard  deviation  of  angle  glint  ranges 
from  0.  1  to  0.  3  of  the  target  length.  These 
experiments  imply  that  by  taking  several  inde¬ 
pendent  samples  of  the  distorted  phase  front  one 
can  estimate  the  true  target  position.  One  prob¬ 
lem  then  is  to  provide  some  change  in  the  geometry 
of  the  situation  such  that  several  independent 
samples  can  be  measured.  This  can  be  done  by 
changing  the  transmitted  frequency  or  wavelength, 

X,  as  a  function  of  time.  A  radar  that  does  this 
is  called  a  frequency  agile  radar.  From  the 
equation  A4>  =  (4t/X)  L  sin  note  that  this  tech¬ 
nique  has  maximum  efficacy  when  the  reflectors 
are  separated  in  range,  i.  e. ,  ^  =  90°,  and  i- 
insensitive  to  separations  in  azimuth.  Another  method  of  doing  this  is  by  imposing  a  velocity  to  the  radar 
as  shown  in  Figure.  2-10,  The  velocity  (if  the  velocity  is  not  directed  towards  the  middle  of  the  apparent 
separation  of  the  reflectors)  changes  the  6  angle  as  a  function  of  time  thus  &<*>  =  (4:r/X)  L.  cos  4,4,  where 
is  the  turning  rate  about  the  target.  This  can 
be  rewritten  using  the  missile  velocity  and 
range  to  the  target  as 

aj.  4"  ,  V  sine 

=  — —  L  cos 


Recalling  the  trajectory  requirements  for  con¬ 
stant  target  contrast  (resolution)  it  was 
necessary  that  V  sine/R,  the  LOS  rate,  a, ,  be 
a  constant.  This  trajectory  which  is  necessary 
for  target  contrast,  speeds  the  glint  rate  much 
in  the  same  manner  as  frequency  agility. 

Figure  2-11  shows  the  power  spectral  density 
of  glint  for  both  a  non-iurning  trajectory  and 
one  with  a  constant  turning  rate  of  0.  03 
radians  /second.  These  runs  were  made 
against  the  same  target  thus  the  total  energy 
of  the  two  spectras  are  the  same. 

Finally  this  leads  to  the  possibility  of 
guiding  the  missile  through  use  of  a  pulse- 
doppler  updated  inertial  implementation.  Such 
an  implementation  attempts  to  capitalize  on  the  long 
stability  of  inertial  devices. 
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Figure  2-10.  Two  Reflector  Target  Glint 
Pulse -Doppler 
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Figure  2-9.  Two  Reflector  Target  Glint 
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The  inertial  system's  accelerometer 
outputs  will  be  utilized  to  smooth  the  radar 
tracking  noise.  Figure  2-12  is  a  simplified 
diagram  of  such  a  radar -inertial  tracking  system. 


The  tracking  radar  essentially  keeps 
the  target  on  the  boresighted  antenna  axis  while 
measuring  the  antenna  gimbal  rates  necessary  to 
do  so.  In  addition,  range  and  range  rate  to  the 
target  are  measured.  The  radar's  angle  track¬ 
ing  loop  as  has  been  discussed  suffers  from 
noise  due  to  target  scintillation  and  other  effects. 
V;re  define  an  antenna  coordinate  system.  A,  with 
the  x  axis  along  the  antenna  axis  with  y  and  z 
axis  to  be  the  orthogonal  gimbal  axes  and  let  ^ 
and  6  be  the  rotation  angles  of  these  coordinates 
relative  to  the  body  frame,  B,  about  the  z  and  y 
axes,  respectively.  The  radar  measurements  are  ji,  8,8,  iRI,  IRI.  The  velocity  of  the  missile  with 
respect  to  the  target  in  antenna  coordinates  is  given  by: 


i  ?  5 

frequency  in  Mt 
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Figure  2-11.  Glint  Reduction 
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and  the  coordinate  transformation  ,  between  antenna  coordinates  and  body  coordinates  is  given  by  the 
angles  141  and  8. 


Ref.  1  Merril  I  Skolnik,  "Radar  Handbook",  Chapter  28  McGraw-Hill  Book  Co.  ,  1970 
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Where  6  V  is  the  inertial  velocity  error.  Combining  these  two  expression?  with  the  expression  for 
Vq  yields: 


which  reduces  to 

v°=v”’  (VltN)(l^r-)+  sv(f^r) 

From  this  expression  it  can  be  seen  that  the  missile's  inertial  velocity  which  is  measured 
by  both  the  radar  system  and  the  inertial  system  is  passed  directly  through  the  filter.  The  radar  system 
noise  and  the  radar  target  motion  measurement  are  passed  through  a  low-pass  filter.  The  inertial 
measurement  noise  is  passed  through  a  lead  lag  or  high-pass  filter. 

In  this  way  the  long  term  or  low  frequency  stability  of  the  radar  system  and  the  short  term  or 
high  frequency  stability  of  the  inertial  system  are  taken  advantage  of  while  the  low  frequency  drift  errors 
of  the  platform  and  the  high  frequency  noise  of  the  radar  a;-e  suppressed. 

The  constant  K  is  determined  by  the  drift  characteristics  of  the  platform  and  the  radar  tracker 
noise  characteristic. 

If  an  accurate  model  of  the  radar  sensor  noise  and  the  platform  driving  noise  characteristics 
are  known,  V  could  be  an  optimum  estimate  of  the  true  velocity  generated  by  a  Kalman  filfer.  In  this 
case  K  would  be  time  varying  and  would  be  generated  by  the  Kalman  filter  based  on  conditions  existing  at 
a  particular  time. 

In  conclusion  then,  we  have  noted  that  the  attack  of  small  targe1 -ii  in  complex  backgrounds 
requires  rather  massive  and  time  consuming  sampling  of  the  target-dynamic  radar  signature.  The 
sampling  intervals  associated  with  the  problem  can  be  significantly  longer  than  that  desirable  for  flight 
control;  hence,  one  needs  to  marry  the  radar  sensor  and  the  inertial  sensors  to  derive  an  optimum  hybrid 
system,  rather  than  a  separate  determination  of  each.  In  short  for  optimum  design  one  must  use  vehicle 
motion,  phase  sensing  by  the  radar  sensor,  and  the  short  term  motion  sensing  by  the  inertial  sensors 
analogous  to  the  considerations  usually  reserved  for  optimum  filtering  techniques  of  other  systems. 
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